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NOTICE

This report was prepared as an account of Government-sponsored work. N
Neither the United States, nor the National Aeronautics and Space Admin-
itration (NASA), nor any person acting on behalf of NASA:

A.) Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the infor-
mation contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B.) Assumes any liabilities with respect to the use of, or for damages
-csulting from the use of, any information, apparatus, method, or
process disclosed in this report.

As used above, “person acting on behalf ot NASA” includes any employee
or contractor of NASA, or employee of such contractor, to the extent that
such employee or contractor of NASA or employee of such contractor pre-
pares, disseminates, or provides access to any smformation pursuant to his
employment or conmtract with NASA or his employment .with such
contractor.
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FOREWORD

This report was prepared by the Pratt & Whitney Aircraft Division
of United Aircraft Corporation under Contract NAS3-7590, “Flox /Methane
Pump-Fed Engine Study.” It is the final report on the subject contract.

Contract NAS3-7950 was administered by the Lewis Research Center
of the National Aeronautics and Space Administration, Cleveland, Ohio.
The NASA Project Manager was Mr. L. H. Gordon. Liquid flox pump
testing required in the course of the program was accomplished at the
NASA-Lewis Research Center Plum Brook station. The assistance of NASA
personnel W. M. Osborn, R. Walter, and D. Perdue, who provided for the
conduct of the pump tes's, is gratefully acknowledg

The following Applied Research personnel at Pratt & Whitney Aircraft’s
Florida Research and Development Center contributed to the technical
effort and preparation of this report: T. E. Bailey (Program Manager) and
J. E. Colbert and S. A. Mosier (Deputy Program Managers) — program
direction; R. L. Muise and J. M. Bryant — hardware modification and
test; A. W. Brooke and D. ]. Stout — performance data analysis; W. R.
Munk and R. E. Dotson — turbomachinery modification and analysis; and
W. G. Shick — analysis and modification of engine controls. ’
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ABSTRACT

An experimental program was conducted to demonstrate the feasibility
of using the flox /methane propellant combination in a flight-type pump-
fed rocket engine. Components from RL10A-1 oxygen/hydrogen engines
were modified and the suitability of the modifications was verified in com-
ponent tests; the program culminated with nine demonstration firings of the
integrated engine system. The data acquired definitely established that a
flight-qualified flox/methane engine can be developed using existing
technology.
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SECTION |
SUMMARY

The flox, methane pump-ted engine study was conducted to demon-
strate the feasibility of wsing the spacesstorable tlox ‘'methane propellant
combination in pump-ted upper stage rocket engines. The objective was
accomplished by conducting demonstration firings of a modified RI1.10A-1
oxygen/hydrogen engine: the RLI0A-1 was the first production model
of the RL10 engine and produced a nominal vacuum thrust of 15,000 1b,
at a chamber pressure of 300 psia. RIL10 oxygen/hydrogen engines utilize
the expander cycle, i.c., the fuel vaporized in convectively cooling the thrust
chamber is expanded through a turbine to provide driving energy for the
pumps. Although the properties of methane as a working fluid do not
approach those of hydrogen, its high specific heat and relatively low critical
pressure make it a good convective coolant and turbine working fluid,
and therefore it is well suited for use in this type of cycle.

One of the primary program constraints was that hardware modifi-
cations incorporated to permit operation of the engine with flox/methane
be held to a minimum. Early cycle analyses based on this premise dictated
that the operating chambe* pressure of the flox/methane RI.10 should be
250 psia, and component modifications were established accordingly. Tn
the fuel system, modifications to the major components were required to
compensate for the six-fold increase in density encountered in converting
from hydrogen to methane. Oxidizer system modifications were limited
initially to those changes required to achieve fluorine compatibility;
however, engine testing experience showed a requirement for drastic
changes to oxidizer control valve characteristics to provide acceptable
system starting characteristics, and a significantly modified valve was in-
corporated.

Nine engine demonstration tests were conducted; during the first three
tests, thrust chamber damage was encountered because of a starting
transient problem. In the final build ot the engine, major problems were
overcome and six tests were conducted. Unfortunately, the partial failure
of a turbine modification during the first of the six firings prevented the
attainment of sustained operation at the 250-psia chamber pressure level.
At the time of the failure, repair of the engine was not within the remaining
scope of the program effort. Therefore, various cor trol and orifice modifica-
tions were made to rebalance the cycle so that testing could be continued and
the maximum possible amount of information could be obtained. A total of
120 seconds of engine operation was attained on the build, with 65 seconds
of that time at chamber pressures above 200 psia. The good condition of
the hardware following those tests produced a high degree of confidence
that satisfactory operation at the 250-psia chamber pressure design point
could have been achieved with correctinn to the turbine or further changes
to the existing components to adjust the cycle balance.



Selected components were modified and:or tested in advance of the
assembly of a4 complete engine system. During both component and engine
testing, the only components with which durability problems were con-
sistently encountered were the injector and thrust chamber. To approach
the desired level of injector performance (a 959, characteristic exhaust
velocity efficiency at the optimum mixture ratio of 5.73), it was necessary
to use mechanical swirlers to promote oxidizer atomization and mixing.
Because previous experience with swirlers in fluorine and flox had been
poor, development of a configuration with adequate durability was neces-
sary. Also, injectors modified to provide high performance were prone
to rapid thermal erosion of the oxidizer element tips. This problem was
completely climinated by a more extensive modification of the RL10 in-
jector than initially envisioned, substitution of a nickel oxidizer plate for
the normal stainless steel plate. The final configuration was tested only in
an engine system, and data were limited to low mixture ratios; however,
extrapolation of the results indicates that the performance level at a mixture
ratio of 5.75 would satisfy the targer goal of 959 efficiency.

Problems encountered with the RL10 tubular wall thrust chamber
were attributed to the large conlant passages, which were orginally designed
for hydrogen. These large passages caused difficulties for two reasons: (1)
the coolant velocities were low and (2) the irternal tube volume was
excessive. To increase coolant velocities in the critical heat transfer areas,
blocking inserts were used to decrease the tube flow areas. The large
internal volume of the tubes produced the severest operational problem
encountered during the engine testing. Because of the quantity of methane
that could accumulate in the tubes and the extreme density reduction that
occurred with the initial rise in chamber pressure (heat flux), a transient
interruption in the coolant flow occurred and subsequent chamber damage
resulted. This was the starting transient problera referred to in the above
summary of engine tests. The coolant flow interruption was ultimately
overcome by incorporating chamber modifications that reduced the internal
tube volume and by controls changes that reduced the rate of the chamber
pressure increase. All of the other engine components operated essentially
as predicted by the initial analyses, and no other problems of a continuing
nature were encountered.

In summary then, the basic objective of the program was achieved,
and in instances where major problems were encountered, they were due
to the use of modified components. The modified units were at best a
compromise from the optimum configuration. The data acquired during
the engine firings definitely proved that the development of a flight-type
pump-fed flox /methane engine is a practical goal and that all of the tech-
nology required is available, i.e.:

1. Oxidizer — Use of the existing fluorine design, materials, and
handling procedures for the engine allowed the completion of the

PO
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program with :ainimal flox corrosion or burnout problems.

Fuel — No merhane handling or material compatibility problems
were encountered.

Turbopump — No turbopump problems were encountered that
could be attrinuted to the propellant combination. The fuel-cooled
bearings a.id gears were in perfect condition, proving that methane
can e used as a gearbox coolant. This will simplify engine design
by eliminating the need for a separate lubricant.

E¥ponder Cycle — The expander cycle was shown to be well-suited
to the propellants. The availability of sufficient starting power
to pro-ide a self-bootstrapping capability was demonstrated re-
peatedly.
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SECTION 1l
INTRODUCTION

Technology investigations relative to the application of space-storable
propellant combinations have been in progress for a number of years. In
past efforts, attention has been directed primarily to the problems of
pressure-fed engine systems operating at chamber pressures of approximately
100 psia. Pratt & Whitney Aircraft conducted experimental studies of the
flox/light hydrocarbon fuel class of space storables for such systems under
Contracts NAS3-4195, NAS3-6296, and NAS3-10294 (References 1, 2 and
3). The particular advantage of this class over systems using hydrazine
or diborane is that the fuels can be used for active thrust chamber cooling
to permit reliable long duration operation.

Recent studies of future space mission requirements have indicated
an advantage for pump-fed space-storable engine systems operating at
moderately high chamber pressures over pressure-fed systems. Some of
the advantage is realized in terms of envelope. Figure 1 shows delivered
specific impulse as a function of chamber pressure for a fixed thrust level
flox /methane engine with the exit diameter held constant. As shown in
figure 1, a gain of over 20 seconds in specific impulse is possible in the
same envelope if pump-fed systems are used instead of pressure-fed systems.
Figure 1 also includes a typical operating point for a pressure-fed earth-
- storable system for comparison. Flox/methane engines operating at pump-
fed chamber pressure levels provide specific impulse performance levels
over 100 seconds higher than pressure-fed earth-storable systems having the
same envelope.

440 T
Flox (82.6%)/CHy4
420 y Expande'r Cycle )
o ’ 94% 1., Efficiency
400}

380L- 4
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Figure 1. Delivered Performance — Cunstant Exit Diameter FD 2452¢B
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Methane is an attractive fuel for spacestorab'e pump-fed engines
because it is a good regenerative coolant and makes a good turbine working
fluid. In combination with flox (82.6%, fluorine and 17.49, oxygen), it
has the highest theoretical impulse of the flox/light hydrocarbon pro-
pellants, and the liquid temperature range of the combination is high
enough to be practical for long lerm space storage.

The flox/methane pump-fed engine study described herein was under-
taken to demonstrate the feasibility of a flight-type pump-fed engine system
using that propellant combination. To achieve the objective, an oxygen/
hydrogen RI.10A-1 engine was modified and tested with flox and methane.
Use of the RLI10A-1, the first production model of the RL10 engine,
facilitated accomplishment of the program because delivered engines that
had been replaced with later, higher performance models were made avail-
able for modification by the Government. Also, engines of the same model
had been modified and tested successfully with fluorine/hydrogen in a
propulsion system research program conducted under Contract NASw-754
(Reference 4). Oxidizer flow system components modified for fluorine
compatibility under that program were also made available by the Govern-
ment and were used essentially without change in the flox /methane engines.

Engine cycle studies conducted before the program was undertaken
showed that because of fuel pump and turbine efficiency losses encountered
when modifications were made to adjust for the extreme difference in
density between hydrogen and methane, the engine would be power-limited
to operation at a chamber pressure below its normal 300-psia design level.
The studies indicated that at a mixture ratio of 5.75 (the theoretically
optimum mixturg ratio for flox and methane), an acceptable chamber pres-
sure for the expander cycle engine with modified components would be 250
psia. Component and engine system modifications were therefore targeted
for operation at that leyel. Important operating parameters predicted for
the flox/methane engine are compared in Table I with those for the basic
RLI10A-1 engine and the fluorine/hydrogen modified engine tested under
Contract NASw-754.

TABLE 1. RL10 ENGINE CONFIGURATIONS

Fluorine Methane
RL10A-1 Demonstrator Demonstrator,
Fuel H, H, CH,
Oxidizer o, F, 82.6% Flox
Mixture Ratio 50 5t 13 5.75
Chamber Pressure - psia 300 300 250
Thrust — Ib. 15,000 15,000 13,000

s




The results obtained in the experimental program are presented in
the following sections of this report. Because the primary objective of the
program was to demonstrate engine feasibility, engine system testing is
described first (Section III), followed by discussion of the modification
and/or tests of major subassemblies that were accomplished on the com-
ponent level before an engine was assembled. The section numbers and
headings under which the components are grouped are Section IV — “Injec-
tors and Thrust Chamber,” Section V — “Turbopump Modification and
Test,” and Section VI — “Valves and Controls.” In those instances where
component performance data were obtained in both component and enginc
testing, a discussion of all results is contained in the component section
to facilitate analysis and comparison.
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SECTION 1l

ENGINE FEASIBILITY DEMONSTRATION
A. GENERAL

As noted in the introduction, the approach taken to achieve the pro-
gram objective of demonstrating the feasibility of a pump-fed engine using
the space storable propellant combination of liquid flox (82.6%, fluorine —
17.49, oxygen mixture) and liquid methane was to modify the flight
qualified RL10 upper stage oxygen/hydrogen engine and to conduct dem-
onstration firings of the modified system using those propellants.

An important requirement for the program was that only minimum
modifications were to be made to components. Cycle studies completed
before the program was undertaken indicated that this would be possible,
and defined the nature of necessary changes. Methane is an excellent
working fluid for cooling and for turbine power in the expander cycle;
however, it is not as good as hydrogen in components sized for the lower
density fuel and subjected to minimum modifications. As a result, the
studies showed that with flox/methane the engine would be power limited
at a chamber pressure of 250 psia, which would produce a thrust level of
approximately 13,000 Ib,.

Modification and/or test of important components was accomplished
in separate tasks preceding engine assembly and test. Before test engines
were assembled initially, and as testing progressed, cycle performance calcu-
lations were repeated using estimated characteristics based on information
from the experimental effort to establish final system trim requirements
and control settings. The results of these analyses are presented in
Appendix C.

In the first engine test, a serious transient coolant flow siowdown prob-
lem was discovered, but the engine bootstrapped, and indications that com-
ponents were operating essentially as expected were obtained. Therefore,
the system testing program was directed toward development of techniques
to overcome the transient cooling problem. The necessary hardware and
procedural changes were developed and satisfactory engine starts were
demonstrated. Thus the feasibility of a flox/methane pump-fed engine
was demonstrated. Extensive steady-state data at the predicted operating
chamber pressure were not obtained because of program limitations, but
the results were adequate to provide confidence that, if additional testing
were possible within the scope of the program, target operating conditions
could have been achieved.

B. ENGINE DESCRIPTION
1. BASIC ENGINE

The oxygen/hydrogen RL10A-1 engine has a vacuum thrust rating of
15,000 pounds at 300 psia chamber pressure. It operates at a nominal
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oxygen/hydrogen mixture ratio of 5, and has a nozzle expansion ratio of 40.
The engine uses an expander cycle in which a portion of the energy imparted
to the fuel as it regeneratively cools the thrust chamber is utilized to drive
the propellant pumps. The simplified propellant flow schematic presented
in figure 2 shows the essential features of the cycle and identifies major
engine components.

Inlet Shutoff
Valve

Hetle

HOORE B8 CHn

Figure 2. RLI0A-1 Propellant Flow Schematic FD 85204

Fuel is supplied to the engine through an inlet shut-off valve mounted
on the two-stage centrifugal fuel pump. Valves at the pump interstage
and discharge provide for overboard discharge of fuel during cooldown and
fuel bleed to prevent pump stall during acceleration. From the pump, fuel
passes through the thrust chamber jacket where it is vaporized and heated;
before reaching the injector it is expanded through a turbine which pro-
vides the turbopump driving power. Thrust is held constant by a feedback
control that senses chamber pregsure and regulates turbine bypass flow
(and therefore turbopump speed) to maintain the pressure at the desired
level.

The oxidizer flow path is through a ball type inlet valve, single-stage
centrifugal pump, a flow control valve, and the injector, into the thrust
chamber.

2. ENGINE MODIFICATION FOR FLOX/METHANE SERVICE

To adapt the RL10A-1 oxygen/hydrogen engine for operation with
flox and methane as the propellants, changes mmelsymmmpmu

to hydrogen, and oxidizer components required
chemical compmbthty with flox. Thrust chamber m ‘weie m

10 ) o

B Ry




quired for cooling with the more dense methane, and injector modifications
were necessary for both performance and durability reasons.

RL10A-1 oxidizer flow system components, inlet valve, pump, and
fiow control valve, had been modified for compatibility with liquid fluorine
in the hydrogen/fluorine propulsion system research program conducted
under Contract NASw-754 (Reference 4) ; the modified parts were made
available to the flox/methane engine study as Government-furnished equip-
ment. Fuel component modifications were unique and werce accomplished
under the contract: assemblies that were changed were the pump, turbine,
thrust control, injector, and thrust chamber.

In addition to the changes to major components, the engine system was
modified by eliminating ignition system parts not required with the hyper-
golic propellant combination, and minor changes were made to permit
alteration of sequencing. Changes in sequencing were largely established
on the basis of experimental results as the program progressed and will be
discussed later.

C. TEST HARDWARE

One basic engine assembly, designated S/N FX-153 in accordance with
the experimental engine numbering system used at the Florida Research
and Development Center, was used for the demonstration testing. Four
separate builds of the engine were completed in the course of the effort.
One modified fuel pump-turbine assembly and one set of major fuel valves
were used, and the same oxidizer inlet shutoff valve was incorporated in
all builds. However, thrust chambers, injectors, oxidizer pumps, and oxi-
dizer flow control valves were changed between builds as shown in table
I1. Descriptions of the parts are given in the appropriate component section.
Miscellaneous small components such as solenoid valves were obtained from
the Government-furnished engines that served as sources for the major
parts that were modified. These components were used following successful
completion of functional checks to verify integrity and operation.

An operating schematic for the flox/methane RL10 engine is shown
in figure 3; a pre-test photograph of the engine is presented.in figure 4.
The engine was operated as a completely integrated system. Contro! of
starting transient and steady-state propellant scheduling, mixture ratio, and
chamber pressure were accomplished entirely by engine system components.
Where adjustments were made during test, remote electro-mechanical drives
were used. Test firing events were sequenced by a digital sequencer which
automatically programed electrical signals to the engine-mounted helivm
solenoid valves. Several control overrides were added to permit variation
of the standard oxygen/hydrogen start and shutdown sequences wi
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Figure 4. Pretest Photograph of Flox/Methane Engine FX-153, Build No.3 FD 25709

D. TEST SUMMARY

Nine engine feasibility firings were made for an accumulated total
time of 186 seconds. All of the tests were conducted under simulated alti-
tude conditions in the 15,000 1b thrust firing bay of the Liquid Propellant
Research Facility at the Florida Research and Development Center. A
detailed description of the facility, its propellant supply system, altitude
simulation system, and data acquisition system, is presented in Appendix A.

Individual tests are summarized in Appendix D. With only a few
exceptions, major components performed as intended. The major develop-
ment effort in the engine test program was directed to the solution of a
system problem which resulted from the change in fuel density. The
problem was one of a coolant flow reduction coincident with the rapid
increase in chamber pressure that occurred when full oxidizer flow was
initiated during the start transient. The typical result of the coolant slow-
down was extensive thrust chamber tube damage. The loss of coolant
also contributed to injector failures and made it difficult to assess com-
ponent durability separately. Damage occurred in the initial firing attempt
of each of the first three engine builds (tests No. E-1 through E-3), causing
removal of the engine from the test stand for repair in each instance.
Detailed review and interpretation of data made it possible to establish a
combination of hardware and start sequence changes for the fourth build
that proved reasonably successful and 6 tests (E-4 through E-9) were con-

14

UGN



ot

ducted on that assembly. The fourth build was the final one that could be
completed within the scope of the contrect, so refinements could not be
investigated and, because there was some deterivration of hardware, data
could not be obtained over a complete range of steady-siate operating
conditions.

The causes of and solutions tor the coolant tlow reduction problem
are described in the following discussion of engine operation. Because a
knowledge of the sequence of events during engine start and operation is
necessary to permit explanation, a description is provided as introduciion.
Component problems encountered are presented herc as they affected
system testing; more compiete discussions of the problems on the compenent
level and ail discussion of component performance are presented in the
appropriate component sections of the report, Section IV, V, or VL.

E. ENGINE OPERATION
1. OPERATING SEQUENCE
a. Engine Conditioning

Immediately prior to the engine start, a sequenced 35 second fuel
preflow was used to temperature condition the fuel pump. The cooldown
fuel was discharged through the normaily open pump interstage and dis-
charge cooldown valves.* The flox pump was pre-cooled with liquid
nitrogen which was supplied at the pump inlet, flowed through the engine
oxidizer system, and was discharged through the injector. Because the
covldown nitrogen was discharged into the chamber, a heated nitrogen
purge was used to maintain the cooling jacket temperature at an acceptable
level during the cooldown period. The purge through the jacket was in a
direction opposite to the normal fuel flow. Temperatures approximately
200°R above ambient were maintained at the coolant outlet manifold and
approximately ambient temperature was maintained at the coolant inlet
manifold (purge outlet).

b. Engine Start

After engine conditioning, a sequenced electrical start signal opened
solenoid valves to supply helium pressure to simultaneously (1) open the
main fuel shutoff valve, (2) open the flox inlet valve, and (3) step the
pump coordown valves to an intermediate position.

When the main fuel shutoff valve opens, fuel enters the cooling jacket
and is vaporized by the residual heat in the chamber. This supplies the
power required to begin acceleration of the turbopump. During this period,
a low fiowrate of flox passes throngh the prechilled pump, through a bypass

* Flow through the jacket is prevented by the normally closed main fuel shutoff valve
during the prestart period.
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system in the oxidizer control valve, and into the combustion chamber. As
the engine accelerates and a preset oxidizer pump differential pressure is
attained, the oxidizer control valve opens to the flow area required for
steady-state operation.

The intermediate position assumed by the fuel pump cooldown valves
allows a relatively high fuel flowrate to be maintained during the pump
acceleration period. This is required to prevent pump stall wher the
engine is operated with hydrogen. Normally, the fuel valves are closed by
fuel pump discharge pressure when a given level is attained.

Prior to the first methane test, it was anticipated that the stall problem
would not be severe with methane, and therefore a somewhat different
sequencing of the cooldown valves might be used. During the initial cold
flow tests, it was verified that fuel pump stall would not be egcountered
during the acceleration transient if the valves were fully closed, so the
adjustment was made. To avoid the necessity of physical changes o the
valves, an override helium pressure was provided to permit full closing of
either one or both cooldown valves independent of .he level of pump
discharge pressure.

c. Steady-state Mixture Ratio and Thrust Control Adjustment

Engine thrust is regulated by the thrust control, and steady-state
mixture ratio is controlled by adjusting the flow area of the oxidizer flow
control valve. The adjustments for both valves are usually set and locked
during ground acceptance test of delivery engines; however, to facilitate
changes of engine operating point during test, remotely controlled electrical
drives were provided on both components.

d. Engine Shutdown

Engine shutdown was programed with a lagging fuel flow so that jacket
cooling would be maintained while the flox system was purged. At the
sequenced shutdown signal the flox inlet valve closed and a gaseous helium
purge was activated at the flox pump inlet. A separate gaseous helium purge
was used for the injector oxidizer cavity; it was controlled by a check valve
which closed as chamber pressure increased after start and opened auto-
matically as chamber pressure decreased during shutdown.

The main fuel shutoff valve and fuel inlet valve were closed 1 second
later than the oxidizer valve. When the flox flow was stopped during engine
shutdown, the pump power requirement decreased approximately 25%,.
To prevent a sudden acceleration of the pnp, a thrust control override
was added. This consisted of a three-way solenoid operated valve in the
thrust control servo supply line which could be used to vent the line and
open the thrust control to maximize the turbine bypass flow. This vent
system was energized at shutdown to prevent overspeed when flox flow was

stopped.
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2. EXPERIMENTAIL TESTING
«. Build No. 1

The problem of coolant flow reduction during the starting transient
was revealed in the first test, which was conducted primarily for facility
checkout after the minor modifications necessary to accommodate the flox/
methane engine had been made. Details of the operating cycle for this
initial build are given in Appendix C. As explained in Appendix C and
in Section V, cold flow tests conducted before the first firing revealed that
the fuel pump head coefficient was greater than predicted, and it was
necessary to add a fuel pump discharge orifice. The components incorpo-
rated in the engine were identified in table 1I; because the test was for
facility checkout, a nori-optimum injector was used.

Important occurrences during the test can best be illustrated by refer-
ence to figure 5. Turbopump rotation started 1.3 sec after the main fuel
shutoff valve was opened; this was approximately 1 sec longer than is
typical for hydrogen fueled RL10 engines. As the engine accelerated, the
oxidizer flowrate was restricted to a low value by the mixture ratio control
valve; when the oxidizer pump pressure rise reached 140 psi, the valve
opened and allowed full oxidizer flow. This point is shown by the rapid rise
in chamber pressure at 2.7 sec. The 1.4 sec interval between the start of
rotation and the opening of this valve was approximately 10 times that
encountered in an oxygen/hydrogen RL10 transient. However, the engine
did reach design speed, which proved that sufficient power was available
in the cycle.

Although a reset system in the thrust control reacted to limit the
acceleration, the chamber pressure overshot to a peak value of 330 psia
(at approximately 3.3 sec). This overshoot is greater than normal and
apparently was caused by slower reaction of the engine system with flox/
methane than with oxygen/hydrogen. Also, a tendency toward thrust
control bypass piston sticking was indicated. Following the overshoot, a
slight overcorrection reduced the chamber pressure to 220 psia (at 4.5 sec),
followed by a slight overacceleration to 280 psia (at 4.9 sec).

The system appeared to be controlling at 260 psia chamber pressure
at 5.7 sec, when the oxidizer pump discharge pressure suddenly decreased
without a change in turbopump speed. When this occurred, the thrust
control sensed the lower chamber pressure and accelerated the turbopump
in an attempt to increase the flow. The oxidizer pump did not recover for
approximately 3 sec. During this time, the turbopump started to decelerate;
the system finally stabilized at 175 psia chamber pressure and a mixture
ratio of 3.0 for the remainder of the test.
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The stabilization of the engine at low chamber pressure in the latter
portion of the test was indicative of a lack of power caused by fuel leakage
upstream of the turbine (i.e., in the cooling jacket) . Review of data showed
that coolant tube leakage started at some time during the first 8 seconds
of the firing. The exact time of failure cannot be unequivocally established:
however, the sharp decrease in turbopump speed shcwn at 6.2 seconds in
figure 5 could be an indication that it occurred at that point. The data
indicated that the failure was located upstream of the nozzle throat. Unfor-
tunately, the oxidizer inlet shutoff valve failed to close for 50 seconds after
fuel shutoff, and, as a result, approximately 10 gallons of flox were dumped
into the hot chamber. This caused extensive chamber and injector damage*,
which made it difficult to assess physically where tube failures had occurred
during the test, but al® areas that were predicted to be minimu'n margin
points were relatively intact after shutdown.

It was conjectured that the tube failures during the test were related
to the sudden expansion of the methane within the jacket during the first
chamber pressure spike. This expansion would have caused a temporary
coolant flow slowdown, thereby reducing cooling. However, the jacket
would have had to be relatively intact for the turbopump to reaccelerate
asitdid at 4.3 and 5.7 sec. It was thus reasoned that the tubes were weakened
or eroded during the flow slowdown, and that they failed during the last
period of high speed turbopump operation.

Following test No. E-1, the corrective action required for all problems
except the coolant slowdown and the delay in pump rotation was obvious.
The oxidizer inlet shutoff valve was subjected to bench tests to investigate
the cause of its failure to close. The valve demonstrated a tendency to
stick, but the resistance did not appear to be enough to prevent valve closing. :
A separate helium actuation pressure for closing was added at the valve
actuator, and the problem did not recur. As described in Section V, the
oxidizer pump pressure decrease was traced to ingestion of gas from instru-
mentation and purge lines. Relocation of lines and purge valves corrected
this problem, and it was not encountered again.

Although the cause of slow turbopump rotation was not immediately
identified, it was ultimately traced to an interference between the oxidizer
pump gearbox housing and the driven gear on the oxidizer pump shaft.
The problem was overcome when a different pump was incorporated for
build 8. The most difficult problem, therefore, was alleviation of the coolant
flow reduction, and the bulk of the remaining effort on the program was
directed to this end.

It is difficult to summarize concisely the changes made to overcome
the starting problem in sufficient detail to explain the limitations under
which they were made and the logic behind them. Therefore, for the pur-

® There was no nozzle damage except at the bottom of the engine, where it m obuiows,
that theve had been a stream of liquid oxidizer.
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poses of the discussion here, only the nature of the changes and the net
result obtained will be described. A chronological sequence that more
specifically explains changes, reasons therefor, and results achieved, is
presented in Appendix D.

b. Build No. 2

The first approach taken to overcome coolant slowdown was to alter
start sequencing using existing valves. The servo supply flow to the thrust
control was increased to improve its response, and the oxidizer flow control
valve was adjusted to increase starting flowrate and to delay the start of full
oxidizer flow. These changes were not effective, and a coolant flow slow-
down with resulting thrust chamber and injector damage was encountered
in the test conducted on the second engine build, test No. E-2.

¢. Build No. 3

The starting oxidizer flowrate was restored to its original level for test
No. E-3 on build No. 3, and a system to maintain the thrust control open
throughout the transient, with provision for manual reactivation to feed-
back control during the test, was added. This latter alteration was made
to eliminate the contribution of the automatic thrust control action to the
coolant flow slowdown. However, the slowdown and related thrust chamber
damage were still encountered.

During test No. E-3, the injector, which was of an improved design
incorporating a nickel oxidizer spudplate for greater durability, was un-
damaged. Additionally, there was no delay in the start of turbopump rota-
tion. This resulted, as noted above, from the replacement of oxidizer pump
S/N C71Y002 with S/N C71Y001. The replacement was made because of
increased secondary seal leakage in the oxidizer pump S/N C71Y002 after
removal from storage following tests No. E-1 and E-2. When the pump was
completely disassembled to investigate the seal problem, signs of interference
between the pump housing and gear of pump S/N C71Y002, were found.
The interference, which apparently was responsible for the delay, occurred
only with rearward shaft loading as explained in Section V, and was not
detectable in normal pump torque checks.

d. Build No. 4

In build No. 4 of the engine, two significant component changes were
made. These were in the thrust chamber and the oxidizer flow control
valve. Modifications to the thrust chamber to improve cooling were some-
what different but accomplished with the same intent as in previous units,
i, to improve cooling in the combustion chamber and tube transition
region (Refer to Section IV). The major difference was that during modifi-
cation and repair (the thrust chamber was the unit damaged during test
No. E-2), filler rods were added in the coolant tubes at the end of the
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nozzle to reduce volume. The oxidizer flow control valve was changed to
a different design that had provisions for a more gradual, scheduled opening.
The valve is described in Section VI.

(1) Test No. E-4

The higher response thrust control was retained for build No. 4, and
with one exception, the starting sequence for test No. E-4 was identical to
that of test No. E-3, i.e., open thrust control to be manually activated when
the engine stabilized after the start transient. The change consisted of
delaying the opening of the oxidizer inlet valve by 0.200 sec to obtain the
fuel lead required to establish coolant flow into the jacket before the start
of oxidizer flow through the scheduled control valve.

Engine behavior during the start transient of test No. E-4 is illustrated
by the plot of important operating parameters presented in figure 6. The
scheduled oxidizer control valve produced a relatively gradual rise in
chamber pressure during the initial phase of the start, but the turbopump
acceleration rate was greater than predicted, and the chamber pressure
increase became exponential rather than linear later in the transient. Some
of the increased acceleration rate was attributed to the higher turbine inlet
temperature (as compared with test No. E-3) maintained throughout the
start transient. Turbine temperature histories for the two starts are compared
in figure 7. The high temperature in test No. E-4 was the result of the
increased residual heat provided by the greater mass of the cooling jacket
(due to the filler inserts) and also by the higher oxidizer flow provided by
the scheduled oxidizer control valve throughout the starting period. A fuel
slowdown was noted at the point of maximum chamber pressure increase,
but its magnitude was minor compared to that encountered in Test No. E-3.
This verified that a small jacket volume and an extended chamber pressure
ramp were desirable to prevent chamber damage during the starting period.

The engine stabilized at the design chamber pressure of 250 psia for
1.5 seconds at a mixture ratio of 3.6, after which the turbopump slowly
decelerated. The reduced speed resulted in an oxidizer pump discharge
pressure too low to keep the spring-loaded oxidizer control valve in its full
open position. (It was predicted that the oxidizer control valve would not
scat if the engine operated at a mixture ratio below 4.5, but cycle studies
showed that, if all components operated as predicted, this would be
achieved.) As the valve closed from the full open position it created a
higher flow restriction, and therefore a reduction in mixture ratio, which
further reduced speed. When the thrust control was activated at 5.5 seconds
there was a temporary increase in rpm, but it was not sufficient to seat
the oxidizer control valve and the system continued to decelerate. The test
was manually terminated at 13.8 seconds; no hardware damage was found

during the post-test inspection.
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Figure 7. Turbine Inlet Temperature Comparison, Tests E-3 and E4 DF 68959

(2) Test No. E-5

Following the successful demonstration of start, adjustments were made
to the thrust control sequencing,’and the oxidizer flow control valve refer-
ence pressure was changed to a lower level source in an effort to assure that
the valve would seat during the next test. A second firing, E-5, was made
with the configuration, but the desired chamber pressure was not achieved.
The data obtained in this test made it apparent that the turbine stator area
was greater than desired.

When the turbine stator area variance was discovered through analysis
of data, the remaining scope of effort permitted under the program was
insufficient to allow removal of the engine from the test stand for inspection,
reoperation, and rebuild. Therefore, it was necessary to proceed on the
assumption that the turbine area had changed without establishing the mode
of failure®. To balance the cycle and increase mixture ratio with the
greater turbine area, it was decided to increase the flow resistance in the
fuel system. The most readily available means for accomplishing this was to
decrease the size of the fuel pump discharge orifice. Cycle calculation results
for the system with the reduced diameter orifice are presented in Appendix

® As described in Section V, posi-test inspection revesled that the change resulted from
Iﬂzdw&&n&a:lthmmmmwmmmmdqm
to reduce ares,




C. In addition to providing a higher steady-state mixture ratio balance, a
high flow restriction at this point bas a stabiiizing influence which tends to
reduce coolant slowdowns.

(3) Test No, E-6

Four tests, E-6 through E-9, were completed with the smaller orifice
installed. In test No. E-6 the sequencing used in test No. E-5 was retained,
but when used with the increased fuel system resistance it produced a fuel
pressure overshoot that caused rupture of the first stage fuel pump housing.
It had been recognized that, because of the reduction in impeller diameter
and resultant increase in area subjected to pump discharge pressure, the
maximum pressure capability of the housing would be reduced. A limit of
850 psia had been estimated from the calculated housing stress and the 0.2%,
yield strength of housing material at 200°R. At the time of rupture the
first-stage discharge pressure was 900 psia. Further discussion of the failure
is given in Section V. Replacement of the first stage housing was readily
accomplished on the test stand, and testing was continued.

(4) Test No. E-7 through E9

A satisfactory start was obtained in test No. E-7, but steady-state chamber
pressure was approximately 200 psia. Mild erosion of welds at tube fin
inserts had been noted after test No. E-6, because of the loss of coolant flow
when the fuel pump housing ruptured. Minor leakage through the eroded
areas apparently increased during test No. E-7 (See Section 1V) and caused
a reduction of power. To compensate for this, a bypass was added around
the oxidizer flow control valve to increase mixture ratio. In test No. E-8, a
coupling set up between the flow control valve and thrust control caused
1 Hz cycling of the system, so the thrust control was made inoperative by
venting the chamber pressure sense system, and test No. E-9 was made. The
start was good and stable operation was achieved for approximately 3 seconds,
as shown in figure 8, after which flox depletion caused oxidizer pump head
rise to decrease, with a corresponding reduction in chamber pressure. The
test was terminated at 11.6 seconds to complete the program.

F. STEADYSTATE OPERATION

Table U summarizes engine operating pressure and temperature levels
at important stations in the system for those portions of tests in which steady-
state opcration was achieved. Thrust chamber and injector performance
and efficiency data were obtained during both engine and component tests;
therefore, to facilitare comparison, data from both types of tests are analyzed
in Section IV - Injectors ind Thrust Chambers. Performance data for
turbopump components are preseuted in Section V.
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G. HARDWARE CONDITION

The total firing dur.tion accumulated in the six tests ¢t build No. 4
was 120.2 scconds. With the exceptions of the change in the turbine flow
area and the relatively minor damage sustained by the thrust chamber in
this build, all other engine components were in excellent condition at the
conclusion of the test program. Figure 9 presents a post-test photograph of
FX-153 build No. 4 after the completion of testing. The carbon deposits
on the nozzle exterior are caused by normal diftuser blowback during the

start and shutdown transients.

Figure 9. Flox]/Methane Engine FX-153 After Test E-9 FE 80376

The occurrence of thrust chamber damage has previously been de-
scribed. Most of the damage consisted of minor tube erosion just upstream
of the throat. A few areas closer to the injector also showed some erosion of
welds used for installation of fins to improve cooling, but the leaks in these
areas could only be detected by pressure checks using a bubble solution.
Three tests of approximately 77 seconds total duration were made after the
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first indication of tube leaks. Therefore, at least a portion of the observed
damage at the completion of the program was due to partial reduction of
coolant flow because of ieakage from previously failed tubes.

H. CONCLUDING REMARKS

The good condition of the engine hardware following the last series
of six tests verified that a flight-type pump-fed rocket engine can be operated
with flox/methane propellants. Although several problems were encoun-
tered, these were caused primarily by the use of ‘modified components
which were, at best, serious compromises from optimized designs.

The most serious problem encountered during the engine demonstra-
tion was chamber damage resulting from a coolant surge during starting.
The severity of the surge problem was due to the large coolant volume
contained in the chambers which were originally designed for hydrogen.
In spite of this, the control sequence developed for the last test series
reduced the surge to an acceptable level. Chambers designed specifically
for methane should greatly reduce, and possibly eliminate, the expansion
surge, allowing significantly more control flexibility and faster engine
acceleration.

Based on the results obtained, it is believed that a full scale engine
development program can be undertaken using available technology because:

1. By using the technology available at the start of this program, no
handling or compatibility problems were experienced with either
flox or methane.

2. The turbopump modification was extremely straightforward and
no unpredictable turbopump failures were experienced. The prac-
ticability of using gear-driven centrifugal turbopumnps employing
methane for bearing and gearbox lubrication was unequivocally
established.

3. The satisfactory operation of the expander cycle demonstrated its
applicability for use with methane as the turbine drive fluid. Devel-
opment of an engine based on this cycle would eliminate one
major unknown which was not investigated, that of carbon deposi-
tion in the turbines of cycles employing fuel rich combustion
products for the drive fluid.
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SECTICN IV
INJECTORS AND THRUST CHAMBERS

A. GENERAL

Modification and testing of the injector and thrust chamber were
initiated in advance of engine systein testing. The objectives were to achieve
a combustion performance target of 959, characteristic exhaust velocity
efficiency (referenced to theoretical shifting equilibrium) at the theoretical
optimum mixture ratio of 5.75, and to establish a thrust chamber configura-
tion that would have adequate durability when regeneratively cooled with
methane. As in the case of all components, the effort was guided by the
restrict .. that changes to basic RL10 hardware be held to a minimum.

In initial tests uncooled workhorse copper thrust chambers, rather than
RIL.10 tubular thrust chambers, were used with the injectors. The heat sink
chambers were employed to obtain experimental heat flux data that could
be used to guide modification of the cooled chambers. Pressure-fed tests of
modified RL10 thrust chamber, were made with overcooling as injector
development continued, and the final configurations of both the injector
and the thrust chamber were evaluated in engine tests.

The engine tests in which the final injector and thrust chamber
designs were used were limited to low mixture ratios because it
was not possible, within the scope of the program, to correct a turbine area
change that occurred. However, a c* efficiency of 96.79, was obtained at a
mixture ratio of 4.68, and extrapolation of performance data to higher
mixture ratios indicates that the injector had the capability for providing
959, characteristic exhaust velocity efficiency at r—=>5.75.

It was determined that modifications to the thrust chamber were
required not only to improve cooling in critical areas, but also to reduce
the jacket volume for the benefit of the engine system. The final thrust
chamber accumulated six firings and 120 seconds of engine operation.

Some tube leaks developed in areas where modifications were made but the
assembly had been subjected to unusual transients as system operating

techniques were developed. It is therefore believed that its durability would
be adequate under less stringent operating conditions, and that, with only
minor further improvement, it would have withstood the conditions that
were imposed.

B. INJECTORS

1. DESCRIPTION

a. Basic Injector

All injectors used in the test program were modified RL10 parts, the
external features of which are shown in figure 10. The injector has 216
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injection elements, each of which consists of an oxidizer tube (or spud),
and a concentric fuel annulus. The elements are arranged in concentric
rows and inject in a direction perpendicular to the 15-degree conical face.
The porous faceplate is fabricated from Rigimesh* and is transpiration
cooled by the fuel. A cross section sketch showinz construction features of
the injector and its internal manifolding scheme is presented in figure 11.
Fuel Inlet

Fuel Annulus

-ﬁ \-Rigimesh Faceplate

Backplate -~ g—Fuel Inlet
Support Post\

— Oxidizer Inlet

. r
g - ' 'l'
. /
Oxidizer % R L Chamber Pressure
Backplate —” ": Tap
Igniter Port——/
(Used for Chamber
Pressure Tap)
L Fuel Manifold
Figure 10. RL10 Injector External Features FD 127774

* Rigimesh is a registered trade name for a sintered wire mesh material made by Aircraft
Porous Media Incorporated, Glen Cove, N.Y,
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Igniter Sleeve (Dummy lgmter Used for
Chamber Pressure Tap)

Full Penetration Fluorine Weld
Oxidizer Inlet

Backplate Support

R

L LANANRTANNY

Rigimesh Faceplate

Rigimesh Faceplate Support
Faceplate Fuel Manifold
. b
y ox-1ype % Oxygen-Type 787
Oxidizer Flow ~Fuet Oxidizer % Oxidizer é-%
Oxidizer Spudplate— P4 Flow Swarler é Swirler :.' é
' 78 ) )
UNSWIRLED ELEMENT Flox Modified Eiement Bill -of-Material Element
(A-1 Injectors) SWIRLED ELEMENTS
(A-3 Injectors)
Figure 11. RI 10 Injector Cioss Section Showing Manifolding and FD 257134

Element Configuration

The same basic injector design has been used in all production RL10
engine models, the RL10A-1, RI.10A-3, RI.10A3-1, and RL10A-3-3; changes
made to the injector between models have been limited to details of the
injection elements. In the initial model, the RL10A-1, oxidizer spud passages
were straight bores, and all rows of elements were the same size. In advancing
to the A-3 models swirlers were added to the intermediate concentric rows
of elements (i.e., all but the innermost and outermost rows) to improve
atomization and mixing. Use of swirlers in the outer row was avoided so
that spray impingement on the thrust chamber walls would not be encoun-
tered, and the straight passages were retained in the inner row in view of
its small diameter. The swirlers provided a 2.5%, improvement in perform-
ance in the first of the A-3 models. Further improvements were achieved
in later versions by tailoring injection dimensions to improve radial distri-
bution of mass flow and mixture ratio.

b. Modifications for Flox/Methane Service

Prior to the start of the pump-fed engine study, RL10 injectors had
been tested with fluorine and hydrogen in the Contract NASw-754 hydro-
gen/fluorine propulsion system research program and with flox and liquefied
petroleum gases (at 100 psia chamber pressure) in the Contract NAS3-4195
investigation of flox and light hydrocarbon fuels as rocket propellants. Both
Bill-of-Material and modified injectors were tested with fluorine and hydro-
gen, and modified parts were tested with flox and light hydrocarbons. In
both programs, reasonable durability was demonstrated by A-1 model injec-
tors, but problems attributed to nonsuitability of the oxygen swirler design
for fluorine service were enc. untered with A-3 type units. The oxygen and
fluorine type swirlers are compared in figure 11.
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The fact that Bill-ot-Material RL10A-1 injectors were successfuliy tested
with tluorine in the Conttact NASw-754 program proved the compatibility
of the basic RLI10 injector design with fluorine. Therefore, it is not manda-
tory to make any changes for tluorine or flox service: howeser, when injectors
were modified in that program, improved welding techniques for tull pene-
tration were used in making of backplate attaching welds as a matter ot
good tluorine construction practice.

Fucl side modifications in both of the early programs were essentially
limited to installation of new faceplates to reduce the fuel orifice di-
mensions.

The experience in the use of RI.10 injectors in the earlier programs
provided a starting point for the injectors tested in the flox/methane engine
study: in fact, testing was started with parrs previously moditied and tested
with fluorine and hydrogen. However - .perimental evaluation demon-
strated the need for additional changes. Jjecause 'hese were made in an
evolutionary fashion during injector development, they are best described in
the context of injector testing and therefore are discies  1a the following
paragraphs.

2. INJECTOR DEVELOPMENT

In the course of injector development directed toward the achievement
of 959, characteristic exhaust velocity efficicncy, seven modified injectors
were tested. Because of the earlier experience that showed A-3 type injectors
subject to durability problems, the effort was started using A-1 type parts.
Initial results showed that these could not be modified sufficiently to
provide the desired performance level, and therefore it was necessary to
develop a swirler type unit to achieve both durability and performance.
Two of the injectors evaluated were RL10A-1 units, and the remainder
were RL10A-3 types.

The injector configurations tested are summarized in table IV. Initial
tests were conducted using uncooled pressure-fed thrust chambers, and
testing progressed to pressure-fed cooled thrust chambers and engine systems.
Measured and derived performance data obtained in the testing are pre-
sented in tables V through X. The tables provide a reference for the follow-
ing discussion of injeciors by type.
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TABLE V. UNCOOLED THRUST CHAMBER FERFORMANCE TESTS-—
MEASURED DATA

Test  Injector Pl Chamber  Oxidiser  Fual "&E&m'mnﬂ'u_ "T-‘l!c‘m‘uiﬂ'ﬁ‘c— et Mmbieat

Wo. s/m Pr , Plow, Tiew, -py . , | temp . « | Thrust, Pressure,

) pota lb.lu: lb.lue ] poin % peia lb‘ peie

1-USL = 713 1.0 251.6 28.83 3.9 151.3 218.2 518.7 .0 9203, 14,6

2 m Test Terainated Pramsturely '
3-8 = 707 Test Terninsted Fremsturely

4-USL m 0?7 n.0 3.4 26.90 6.37 164.6 206.2 s25.1 at.é 768, 14.6

5-U8L = 707 7.0 23%,7 2.0 .3 152.7 260.0 3144 304.1 $460, 14.6

¢-USL x 707 n.0 223.8 .22 4,65 153.1 »?.? 512.3 .o 1997 4.6

7-USL = 70?7 Test Terminated Prematurely

3-U8L = 707 2.4 M. 28,52 1.66 155.0 .1 3%1.4 i ”e7. 1.8

9-UsL x 70?7 2.4 258.4 29.63 6,00 153.4 .0 520.9 337.1 ”i2. 4.8

10-U8L = 707 .4 200.2 29.00 . 133.0 290.7 s12.1 349.1 ”a. 14,8

11-08L i 70} 2.4 304 20.37 5.8 152.1 2067 518.3 333.3 ”7, 14.8

12-08L = 107 2.4 261.7 .6 5,65 153.7 200.6 $20.4 329.7 [ 3L 1.8

13-UL = 707 2.4 357.4 32.8 5.3 149.3 .2 520.4 20.2 9314, 14,9

14-08L Ir 766 8.9 2611 28.20 6.48 133.7 203.3 508.3 29%.9 9530. 18,7

15-U8L 17 764 .9 252.4 29.03 5.16 152.8 6.1 516.3 m.3 130, 1,7

16-USL I 76 7.9 2391 .70 s.78 181.3 02.9 S11.4 2%9.2 M31. 14,7

17-08L 1r 764 2.9 250.4 29.1% 3.0 144.6 5.0 320.8 4.1 9047, 14.7

18-08L IF 764 0.9 238.6 2.9 5.64 151.0 203.0 316.2 4.8 "o, 4.7

19-08L Y 14 0.3 299.6 1.9 .92 161.6 0.4 318.7 .0 %, 1.9 3
20-U8L Y 1A 2.1 229.3 28.78 4.0 195.3 811 3086.2 208.0 120, 1.8 !

o g e Wt - e

TABLE VI. UNCOOLED THRUST CHAMBER PERFORMANCE TESTS-
DERIVED DATA

b v i s A eor e

+ - - o

: ]
o m.::::- ‘r::::-:::ﬂ ;::::- "':”:‘.::’ ::7:: !:/:;e Toue » f::;lb ";,('e)' "y 'c'm' Pvae,
pols lb! t (] 1

10L 479 3.9 10,51 I o2 07 1% 208.4 .26 %016 W62 80l
U 428 2.1 10,126 . 63715 63 1,50 8.2 2008 U NI WM

S-uL 5% 294 9,7% EX ) 6200 6172 1.5% 5.8 842 8.0 N1 B

-usL 6,00 8.6 9,338 3.0 5966 5928 1.5% .3 NAY 5.9 9708 BN

s-us. 37 4.2 1,229 6.8 557 6530 1.5% 313.0 5.6 B N1 9.0

UL 4.9 250.4 10,664 4.10 0% 212 1.3 9.8 8.5 0.0 9.0 W0
10-08L. 4.2 260.4 11,093 5.49 509 448 1.332 309.8 93.97 9.7 N.%9 9”n.16
11-U8L .19 250.3 10,699 . 6208 s 1.538 9.0 .71 N.» N9 ®8.n
12-U8L .64 253.3 we,m .00 082 0Wos 1.5 7.7 83.37 7% %.73 a.7
1L 64 9.2 10,666 .13 e M LW m.s Q4 B2 N8 0w
-08L 4.3 233.2 10,009 3 387 6533  1.542 n.2 %40 .33 92.% 9272.12
15481 5.6 4.9 10,470 .2 [ ) ®Wie 1.5 7.1 0.9 0% .0 042
)T A 31,4 10, .9 33 6335 1.542 N3 Nnu Ny 7.4 9.9
t7-e8, .10 3.0 10,306 .n 6300 €42 1,39 3088 %3 nn 2.0 2.0 l
-8 5.13 150.9 10,720 . 16 “e  1.% ne.7 ne e 7.9 ”».n
198 3.9 810 10,997 [ 13 536 813 136 ne.s "ne %8 N» .28
098, 5.9 n.. 9,480 3.0 s e 139 n.. ®w. 8.9 nn 0.9
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TABLE X. ENGINE DEMONSTRATION TESTS-DERIVED DATA

Test Engine Chambex Throat Vacuum cfP CF Ivac, n x LB n,
No, Mixture Mixture Total Thrust, &, vac lbf-sec/lb *o, F, va
Ratio{l)  Ratfo  Pressure, 1b ft/sec o . e g
psia ) *
E-4 3,58 3.67 238.6 12,142 6649 1.82 376.4 97.85 96.31 94,24
2.91 2.99 157..6 7,934 6508 1.83 370.5 97.96 97.79 95,80
E-5 3.00 3.06 244 .9 12,379 6501 1,81 365.7 97.36 96,71 94,16
3.2 3,32 230.5 11,736 6647 1.82 376.1 98.64 96,93 95,61
E-7 4.33 4,46 230.3 11,713 6677 1,82 377.4 96.33  95.60 92.10
4,33 4,46 231.8 11,764 6670 1.82 376.3 96.22 95.44 91.84
4,68 4,86 202.6 10.160(2) 6757 1.79 376.3 96.74 92,61 89.60

(1) Includes gesrbox coolant aud cvoldown valve leskage,
(Z) Thrust Data Questionable.

a. RL10A-1 Type Injectors

Two RLI10A-1 type injectors, /N HK 713 and S/N HK 707, were
tested. These were the first tests of the program and were conducted in
pressure-fed uncooled thrust chambers so that experimental heat flux as
well as injector performance data could be obtained. The tests were limited
to a 2.5 to 4.0 second duration because the chambers were uncooled, and
one mixture ratio data point was obtained in each firing.

As indicated in table IV, the two A-1 injectors were essentially identi-
cal; the only reason that two were tested was that a test mishap caused
damage to injector S/N HK 713 during its second firing* and performance
data could not be obtained over the desired mixture ratio range. Injector
$/N HK 707 was substituted and 11 firings were made over a mixture ratio
range from 3.7 to 6.1.

Both injector $/N HK 713 and injector S/N HK 707 were obtained in
the modified condition as GFE from the Contract NASw-754 hydrogen/
fluorine research program. The important modification made in each case
under that program was replacement of the faceplate with a part having
smaller diameter fuel holes. The fuel annulus gap width in the modified
injectors was 0.008 inch.

Reduction of fuel gap was the approach taken in the earlier programs
to improve mixing. In the RL10A-] injector the propellants are injected in
straight concentric streams, and mixing is effected by the shear forces
between the oxidizer and the fuel streams. Thus, reducing the fuel gap
increased the fuel velocity and the fuel-to-oxidizer injection momentum
ratio.

® The injector oxidizer purge regulator malfunctioned during the siart transient, pev.
mitling fuel to enter the oxidizer manifold before oxidizer flow started. When oxidizer
was introduced, combustion started in the manifold, destroying the injector.




At the nominal mixture ratio ot 5.75, the ¢* efficiency indicated for
injector S/N HK 707 with flox/methane was approximately 84.5%,, well
below the target of 95¢,. The injiction momentum ratio was calculated
for each of the firings. and the plot of c* efticiency vs momentum ratio
presented in figure 12 was constructed. Based upon the momentum ratio
to ¢* efficiency relationship shown, a momentum ratio of 6.2 would be
required at a mixture ratio of 5.75 to achieve 959, ¢* efficiency. The
0.008-inch fuel annulus width of injector HK 707 provided a momentum
ratio of 3.1 at the nominal mixture ratio; ‘o achieve the higher level, a gap
width of 0.604 inch would have been required.
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Figure 12. Variation in Characteristic Velocity Efficiency With DF 69051
Injection Momentum Ratio (Injector SIN HK 707)
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It was not considered practical to attempt the incorporation cf 0.004-
inch gap fuel annuli in an RLI10 injector. Because the face of the injector
is conical, the installation of a finite thickness fuel plate incorporating such
small clearances is impossible without distorting the oxidizer spuds. In
addition, uneven thermai growth during est operation could cause the
clearance space at some spuds to be closed for at least a portion of the circum-
ference, with loss of cooling in the areas of contract and resulting spud tip
erosion. This latter phenomena was noticed to some extent in injector
S/N HK 707 with 0.008-inch tuel gaps. The injector was in generally good
condition following 11 tests for a total of 35 seconds, but spuds touched the
Rigimesh face at a few locations, and minor tip erosion was noted. The post-
test condition of the injector is shown in figure 13. The carbon deposits on
the Rigimesh face are typical. Because further modification of RL.10A-1
type injectors was not practical, attention was directed to the A-3 type. This
effort is described in paragraph b following.
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Fiure 13. Injector SN HK 707 After Test No. 1,-USL FD 160514

An important effect noted during the initial test series was that of
flox mixture composition on performance. The method of flox mixture
preparation at FRDC is described in Appendix A. Flox mixtures were
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Figure 14. Comparison of Injector S/N HK 707 Characteristic Exhaust DF 69052

made in batches by weight and, for the initial firings, samples were taken
for analysis during propellant transfer operations immediately preceding
testing. The samples were retrieved and analyzed following the test. One
of the two batches used in testing of the A-1 injectors was found to be of
77%, rather than 82.69, concentration when analyzed; the other batch
contained 82.49%, fluorine. Figure 14 displays c* efficiency vs mixture
ratio for injector /N HK 707 for each of the two flox concentrations. There
is an obvious difference in performance and further, there is a 29, differ-
ence in c* efficiency at the optimum mixture ratio for each concentration
(5.5 for 77%, and 5.7 for 82.4%, fluorine). To provide better control of
concentration for further tests, sampling at both the time of mixing and
prior to test was instituted, and a tolerance ot 0.5%, on the 82.6%, concen-
tration was specified for all mixes.

Velocity Efficiencies at Different Flox Concentrations

One other result worthy of note can be seen in figure 14. The uncooled
thrust chambers had low expansion ratio (¢, — 3.25), 15-degree half-
angle nozles for which the thrust coefficient could be calculated with
confidence and for which any chemical kinetic effects could be neglected.
It was, therefore, possible to calculate c* efficiency from thrust measure-
ments as well as chamber pressure measurements. Values calculated both
ways are included in the plot, and the excellent agreement between them
is obvious. This confirms the validity of measurements and of the method
of calculating combustion momentum losses.
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b. RLI0A-3 Type Injectors

Five RL10A-3 type injectors, serial numbers IF 764, RY 14, IF 763,
3K 2945, and AAF 11, were tested. As in the instance of the RL10A-1 type
injectors, fuel injection gap widths were varied. In addition, numbers of
swirlers, swirler design, and radial mass flow and mixture ratio distribution
were varied. Changes were made progressively and, in accordance with the
minimum change restriction, were limited in each step to the items felt
necessary to achieve performance and durability.

(1) Injector Development

(a) INJECTOR S/N IF 764

For the first RLI0A-3 type injector, the Bill-of-Material oxidizer
swirlers were replaced with 0.010-inch thick twisted stainless steel ribbons
having straight axial extensions, as shown in figure 11. The swirlers were
inserted from the rear of the spud plates and fixed in place by tack welding
the ends of the extensions at the spud entrances. As in the oxygen/hydrogen
units, swirlers were installed in the intermediate rows only. The inner
concentric row of six elements was retained without change; the orifices of
the outer row elements were drilled to the same diameter as the intermediate
rows (0.085-inch). In view of the fact that a performance improvement was
expected because of the improved atomization and mixing provided by the
swirlers, and to avoid possible durability problems, fuel gap widths were
increased over those of A-1 injectors S/N HK 713 and HK 707. The gaps
were sized to provide uniform, mixture ratio distribution and therefore

varied from row-to-row to match the different types of oxidizer elements
(table IV).

Injector IF 764 was subjected to five uncooled pressure-fed thrust
chamber tests to obtain data over a mixture ratio range from 4.35 to 5.79.
The condition following test was considered excellent as shown in figure 15*.
The only variance noted was minor erosion on some of the straight passage
outer row spuds; the intermediate spuds containing swirlers were in excel-
lent condition.

Performance data obtained indicated that at the desired mixture ratio
of 5.75, the c* efficiency provided by the injector would be between 90
and 919,. This represented a significant gain over the performance of
the A-l type injector, but was still below the 959, target, so a necessity for
further changes was indicated.

¢ Following test, the injector was retained in its modified condition. It was used in the
first engine test conducted to check out stand modifications and, as described in
Section 111, was damaged because of an oxidizer inlet shutoff valve malfunction.
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Figure 15. Injector S|N IF 764 After Uncooled Testing FD 29199

(b) INJECTORS S/N RY 14

To achieve even further performance improvement over that realized
with S/N IF 764, swirlers were installed in the outer as well as intermediate
rows of injector S/N RY 14, and the innermost row of six elements was
eliminated. The swirlers used in the outer row were two turns per inch,
rather than five turns per inch, to reduce the spray angle so that oxidizer
would not impinge on the thrust chamber wall. The outer row oxidizer
orifice diameters were increased to improve the mass distribution uni-
formity, but the extent of this modification was limited because of modifi-
cations previously made to this injector during its use in the oxygen/
hydrogen development program. The outer row fuel gaps were decreased
to 0.012-inch diameter to provide a uniform mixture ratio profile.

41

& Har o




Injector S/N RY 14 had been reoperated frequently during use in
the RL10 oxygen/hydrogen engine development program, and apparently
some of the reoperations compromised its integrity. Because of this, the
injector was damaged during its two flox/methane tests and the results were
nonrepresentative.

(c) INJECTOR S/N IF 763

Injector /N IF 763 was initially modified (IF 763-1 in table IV) to
include the same features as RY 14, but the outer row oxidizer orifice
diameter wa- increased to improve radial mass flowrate distribution, and
fuel annulus widths were reduced to 0.009 to improve mixing. The part
sustained damaged in its first two tests (1-CA and 2-CA), and, during subse-
quent repair, 0.037-inch thick nickel swirlers with the same numbers of
turns per inch were substituted for the 0.010-inch thick stainless steel parts
used originally. The injector was designated IF 763-2 after the second
change.

The injector was subjected to three tests in pressure-fed cooled cham-
bers after its first modification. In the first two tests, the chamber was
overcooled, i.e., the jacket flow was in excess of regenerative flow and a
portion was discharged overboard at the jacket discharge while the required
amount was passed through the injector. The test arrangement is described
in Appendix A. Control problems aggravated by the excessive “olume of
the coolant jacket for methane resulted in chamber damage during the
start transicnts and both tests were limited to a few seconds duration. The
tests were sufficiently long, however, to reveal a problem of swirler
durability.

Swirler damage was typically found at the three outer rows of elements.
In most cases the swirlers were completely missing. They were consumed
by reactions as indicated by traces of carbon deposited on the backplate
and spudplate in the area of damage, as shown in figure 16. It is con-
jectured that, during transients, combustion products back-flowed into the
oxidizer dome through outer row spuds causing swirler reactions. The
products of the reactions were expelled from the oxidizer cavity through
the next two adjacent inner rows of spuds, causing damage to the swirlers
in those rows. The backflow problem persisted even though a high pressure-
high volumetric flowrate helium purge was added at the oxidizer manifold.

With 0.37-inch nickel swirlers substituted for the 0.010-inch thick
stainless steel swirlers, injector S/N IF 763 was tested in a pressure-fed
cooled thrust chamber with separate cooling. The separate cooling scheme,
which is also described in Appendix A, is one in which liquid coolant is
supplied to the jacket at any desired flowrate and gaseous fuel is supplied
to the injector. Difficulties were encountered in the single test conducted
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and thrust chamber damage resulted for reasons that will be explained in
later paragraphs. The injector was also damaged, but, even though spud
erosion occurred, the nickel swirlers were intact. The nickel swirler design
was therefore retained in future units. Although the extent of testing of
injector S/N IF 763 was limited because of the problems noted above,
sufficient data were obtained to indicate that it provided a significant
improvement, somewhat over 2%, in c* efficiency, over S/N IF 764.

Figure 16. Deposits on Spudplate as a Result of Swirler Reaction FD 29200

(d) INJECTOR S/N 3K 2945

Injector $/N 3K 2945 duplicated the revised (nickel swirler) con-
figuration of S/N IF 763-2 except that more conservative (larger) fuel
gaps were used, 0.015 in intermediate rows and 0.012 in the outer row.
A faceplate having one-half the standard scfm porosity was incorporated
so that a greater percentage of the fuel would be injected through the fuel
gaps. This was done to maintain the momentum ratio as high as possible
with the larger gaps.

Injector S/N 3K 2945 was tested in the engine system and was damaged
as a result of the coolant transient surge problem encountered. However,
evidence of a spud tip erosion problem was noted and it was decided to
institute a change to correct it in the next unit.

(¢) INJECTOR S/N AAF 11

The change made in injector S/N AAF 11 to overcome spud tip erosion
was to change the oxidizer spudplate material from stainless steel to nickel.
It was expected that nickel would provide the necessary durability at elevated
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temperatures in the fluorine environment. Nickel swirlers 0.037-inch thick
were used as they were in S/N IF 763-2 and S/N 3K 2945. Two configura-
tions of the injector are shown in table IV, /N AAF 11-1 and /N AAF 11-2.
After the initial tests of S/N AAF 11-1, signs of nonuniform heat flux were
evident from the carbon formation on the thrust chamber wall. To mini-
mize any effects of possible oxidizer stream misdirection, 26 0.010-inch
diameter fuel holes were drilled near the outer circumference of the injector
face in suspect areas. In addition, outer row fuel annuli were electro-
discharge machined to increase the gap in the outer semicircle from 0.015
to 0.020 inch. The identification was changed to AAF 11-2 after this change.

The change to nickel in the spudplate provided excellent durability,
as evidenced by the fact that the injector was in like-new condition follow-
ing seven engine firings (E-3 through E-9) for a total of 134 seconds at
mixture ratios that reached as high as 6.8 for short periods. A post-test
photo of the injector is presented in figure 17. There was no damage to
either the swirlers or the spuds, even though, as can be seen in the photo-
graph, there were some uncarboned areas of the faceplate near several ele-
ments, which indicated contact between the spud and the faceplate. In
injectors with stainless steel spudplates, premature spud erosion would
surely have resulted.

T

Figure 17. Injector S|N AAF 11 After Six Engine Firings FD 29198
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3. PERFORMANCE SUMMARY
a. Characteristic Exhaust Velocity

Characteristic exhaust velocity efficiency data for the injectors tested
are summarized ir :igure 18. The performance improvements realized by
progression from the A-1 injector (S/N HK 707) to an injecior with swirlers
in intermediate rows (S/N IF 764), ‘nd finally to swirlers in all rows
(S/N IF 762 and AAF 11) are at once obvious. The lower performance
of injector AAF 11 compared to IF 763 is attributed to the larger fuel
gaps it contained, which reduced momentum ratio. One data point is shown
for injector S/N RY 14 and, although the gap widths for it and S/N AAF
11 were similar (table IV), a significant difference in performance was
noted between them, with S/N RY 14 providing much lower efficiency.
This difference is attributed to uneven mass flow distribution in injector
S/N RY 14. The mass flow per unit area distributions of injectors IF 763
and AAF 11 weie tailored to be radially uniform for high efficiency. In
the case of injector S/N RY 14, the area mass flow in the outer row was 22%,
less than .he mass flow of the inner rows. The radial variations of mass
flow per unit area determined from water flow calibration of those three
injectors are compared in figure 19.

As can be seen in figure 18, the performance efficiency of all injectors
decreased with increasing mixture ratio. Unfortunately, the data obtained
with the highest performance injectors was limited to low mixture ratios;
however, the plot of absolute characteristic exhaust velocity level in figure
20 shows that injectors S/N IF 763 and S/N AAF 11 both demonstrated
peak characteristic velocities at low mixture ratios that were above 95%,
of the maximnm theoretical (i.e., at r = 5.75). The extrapolated efficiency
of injector AAF 11 was above 959, at a mixture ratio of 5.75.
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Figure 18. Charactoristic Exhaust Velocity Efficiency Summary DF 69112
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b. Vacuum Specific Impulse

Figure 21 displays the vacuum specific impulse efficiency obtained
with the two highest performing injectors. The absolute value of impulse
that these efficiencies would provide when referenced to the standard
normal hoiling point liquid propellant inlet conditions is also shown. Both
injectors produced maximum impulse at a mixture ratio below the theo-
retical optimum. Based on the standard propellant inlet conditions, the
maximum specific impulse demonstrated with the area ratio of 40 nozzles
was 384 seconds (injector /N IF 763).
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Figure 21. Vacuum Specific Impulse, Injectors S|N IF 763 and SN AAF 11 DF 69064
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Vacuum thrust coefficient efficiencies for the thrust chamber are
presented in figure 22. The dropoff that occurs with increasing mixture
ratios is a.tributed to two phenomena: (1) kinetic losses, and (2) a decrease
in the theoretical C; due to mixture ratio variations within the exhaust
gases. Thcoretical thiust coefficient losses due to kinetics have not been
calculated for flox/methane at the conditions of the tests. Low chamber
pressure flox /methane data (References 2 and 3) indicated that the kinetic
losses predicted by the present metiiods are from three . five times higher
than the experimental losses. A NASA funded program (Reference 5) is
now in progress at the United Aircraft Corporation Research Lahoratories
to identify the important rate limited reactions and to generate a correia-
tion with available experimental data. With respect to mixture ratio
variations, the possibility of C, efficiency losses because of nonuniform
mixture ratio profiles was established in Reference 6, but the magnitude of
such losses cannot be determined without specific knowledge of tlie mass
flow-mixture ratio distribution.
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Figure 22. Experimental Vacuum Thrust Coefficient Efficiency DF 68970

C. THRUST CHAMBERS

Because of the large density differences between hydrogen and methane,
it was recognized that cooliig passage modifications would be required
to permit operation of RL10 thrust chamber with regenerative cooling in
flox/methane demonstration test engines. However, expcrience in testing
with flox and light hydrocarbon fuels under Contracts NAS3-4195 and
NAS3-62€6 had shcwn that actual heat fluxes would vary from theoreti +*
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values because of carbon deposition on thrust chamber walls. f(herefore,
initial injector evaluation tests were made in instrumented uncooled thrust
chambers to obtain experimental heat flux data before modification of the
cooled thrast chambers was attempted.

Significant reductions from theoretical heat flux levels becaiise of
carbon deposition were found in uncooled thrust chamber testing, but
wide circumferential variations were noted. Therefore, a conservative
approach was dictated for the modification of cooled thrust chambers.
Cooled chambers were modified to improve cooling in areas shown by
analysis to be critical, and were tested. However, transient problems ¢ at
caused tube failures were encountered in both pressure-fed thrust chamber
and pump-fed engine tests. Thrust chamber damage was encountered con-
sistently until additional changes were muide to reduce coolant jacket
volume in areas where the basic design was satisfactory from a heat transfer
standpoint. The steps that led to the devclopment of a suitable thrust
chamber configuration are described in the following paragraphs.

1. UNCOOLED CHAMBERS
a. Test Hardware

Three series ” uncooled pressure-fed tests were conducted using heat
sink copper thrust chambers with low-expansion ratio nozzles. The copper
thrust chamber assembly consisted of three major componen:r, a chamber,
a circumferential instrumentation ring, and an adapter ring. An exploded
view showing the parts is presented in figure 23.

The chamber section was machined from high purity oxygen-free
copper and consisted of an RL10 contour combustion section and a 3.25
expansion ratio, 15-degree half-angle conical nozzle. A constant wall thick-
ness of 0.75-inch was selected to provide an acceptable combination of run
duration capability and thermocouple response. Instrumentation on the
cha:nber section initially consisted of one longitudinal row of 28 chromel-
alumel thermocouples cmbedded in outer surface, but for the third series
of uncooled tests two rows of circumferential outer wall thermocouples
were added. These were used to obtain circumfcrential profile data near
the throat. Thermocouples were distributed as shown in figure 24. The
axial spacing was established bzsed on expected temperature gradients,
closest :pacing being used in the region where highest thermal gradients
were expected. This was done so that heat flux profiles could be determined
with accuracy using an inverse two-dimensional conduction calculation
procedure. To provide the adiabatic boundary condition assumed in the
calculations, the chamber was wrapped with fiberglass insulation.
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Figure 23. Exploded View of Uncooled Copper Thrust Chamber and FD 15710
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The instrumentation ring was installed next to the injector so that
the circumferential heat flux profile at that station could be determined.
It was fabricated from high-purity oxygen-free copper and contained 48
isolated segments for which radial one-dimensional heat flux could Le deter-
mined. Thirty-one of the segments were equally spaced over a 90-degree arc
and sevent-en were distributed equally over remaining circumference
as shown in figure 25. The segments were created by milling pairs of 0.375-
inch deep slots the length of the ring (0.50 inch) to isolate sections 0.26-
inch wide. The machined segments were insulated circumferentially from
one another and axially from the adapter ring with spacers fabricated from
a silica glass fiber phenolicresin laminate. A chromel-alumel thermo-
couple was installed in each segment, 0.12-inch from the inner surface of
the ring, to provide the temperature data required for heat flux deter-
mination.

Figure 25. Circumferential Instrumentation Ring FD 173804

The adapter ring was provided to permit assembly of the instrumenta-
tion ring to the injector and thrust chamber. As shown in figure 26, it
consisted of an inner copper cylinder that contained axially spaced thermo-
couples to provide continuity of longitudinal thermal data from the cir-
cumferential instrumentation ring to the chamber, and an outer steel backup

ring with attaching flanges.
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Figure 26. Arrangement of Circumferential Instrumentation FD 14535C

Ring and Adapter

b. Test Experience

Twenty sea-level exhaust tests (d« 'm ted 1-USL through 20-USL in
Appendix D) were made with the uncooied thrust chamber. Two RL10A-1
type injectors (S/N HK 713 and S/N HK 707) and two RLI0OA-3 type
injectors (S/N IF 764 and S/N RY 14) were used in the testing. After all
tests a characteristic carbon layer was deposited on the chamber walls and
injector faceplate. Figure 27 shows the deposits on the chamber after the
last uncooled test series.

*
A
Figure 27. Carbon Deposits in Uncooled Thrust Chamber FE 6499¢
After Test Series No. 3
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¢. Heat Transfer

Longitudinal heat flux profiles and combustion side wall temperatures
were calculated from experimental time-temperature data at the chamber
outer surface using inverse two-dimensional transient conduction equations.
The method used in processing uncooled thrust chamber data is presented
in Reference 7. Data obtained from tue circumferentially-instrumented ring
(one dimensional heat flux) were treated as a special case of the two-dimen-
sional application.

Combustion side film coefficients predicted using the Bartz short form
(Reference 8) are compared with experimentally-determined longitudinal
film coefficients in table XI. The experimental film coefficients in the
combustion section were consiste.itly between 20 and 509, of the predicted
values, with the maximum film coefficient occurring at, or slightly upstream
of, the throat. A graphic comparison of predicted and experimentally deter-
mined longitudinal film coefficients obtained with injector S/N IF 764
for three different mixture ratios is presented in figure 28.
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Figure 28. Comparison of Measured and Experimental Heat Flux DF 69053
For Injector S|N IF 764
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Figure 29 shows the circumferential heat flux variation measured with
two injectors, S/N HK 707 and S/N IF 764, each at a mixture ratio near
the theoretical optimum of 5.75. Althougi the coefficients determined
trom circumferential instrumentation in the radial plane of the longitudinal
thermocouples agree favorably with the values obtained from the longi-
tudinal instrumentation (within 49, 107 to 103 btu/hr-ft>sec), a circum-
ferential variation of nearly 1009, was found for both injectors.

Plane of Axial
Thermocouples

0
Test No, 15-USL
(Injector 1F764, P4
r = 5.62) /
/

~ -~ »-—
\‘-"190~‘

" Test No..12-USL
{Injector HK707,

r o= 5.60)
; i 200 _ \ .

St RléCoefficient - v N 7

o C : © Btufhr-fed+R P .-

Figure 29. Circumferential Heat Flux Variation in Uncooled Chambers: DF 69061
Data Taken 1.08 Inches from Injector Face

2. COOLED CHAMBERS

Extensive heat transfer analyses of the RL10 thrust chamber operating
with flox/methane were made to identify possible problem areas so that
suitable modifications could be incorporated. Experimeutal heat flux
data from uncooled tests were' taken into account, and experimental results
from independently conducted methane heated tube tests were used to
determine coolant side coefficients. (See figure 30.)
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Figure 30. Results of Methane Heated Tube Tests at Supercritical Pressure  FD 12554

The combustion side film coefficients determined experimentally in
uncooled tests were significantly below theoretical, and calculations based
on those coefficients indicated that the chamber could be adequately cooled
without modification. However, the large circumferential variations indi-
cated that values approaching the Bartz coefficients could reasonably be
expected to occur. A conservative approach was warranted, and therefore
the initial modifications were based on analyses using the theoretical com-
bustion coefficients. The modifications are discussed after the following
brief description of the basic thrust chamber.

a. Chamber Description

As depicted in figure 31, the RL10 thrust chamber is an assembly
consisting of 180 “long tubes” and an equal number of “short tubes.” The
long tubes extend from the iujector to the exit plane. The short tubes are
interleaved between the long tubes in the nozzle at a point approximately
one-third of the distance from the throat, and extend to a turnaround
manifold at the nozzle exit. The jacket inlet manifold is located at the start
of the short tubes. During engine operation, fuel enters the short tubes at
the inlet manifold and flows parallel to the exhaust gases to the turnaround
manifold. Then it enters the long tubes and flows counter to the exhaust
gases to the collector manifold, where it is routed to the turbine.

The tubes have a wall thickness of 0.013 inch and are fabricated from
AISI 347 stainless steel tubing. The long tubes are “double-tapered” and
the short tubes are “single-tapered.” In the “double-tapered” long tubes,
the tube diameter increases progressively from the throat section to either
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end, giving the tube a venturi shape. The “single-taper.d” short tubes
increase in diameter from the 1o ket inlet manifo'd to the nozzle exit section.
The chamber is formed by furnace brazing the tube bundle and a rein-
forcing jacket is used to strecgthen the combustion chamber <nd throat
region. The dimeunsions of the chamber are shown in figure 32.

Turnaround Manifold

Short Tube
(with Inlet Manifold
Removed)

Inlet Manifold

Outlet Manifcld Reinforcing Band

Figure 31. RLI10 Thiust Chamber Lorifiguration FD 25671

Turnaround Manifold

Coolant Outlet .lnlot

o

__Rl' }‘ 35.68 in.

1028 in}—— - — 8.4 in.—- - 38513 in.

|
oo—13.12 in. —
_t
46848 in.
Figure 32. RL10 Thrust Chamber Contour FD 25658
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b. Modifications

Analyses indicated that there were two potential failure areas in the
RL10 thrust chamber it it were to be tested with flox/methane without
modification: (1) in the long tubes at the transition section where a tube
cross-section area increase is necessary to compensate for the termination
of the short tubes: and (2) in the combustion region near the injector.
In both of these regions coolant velocities were too low to provide film
coefficients adequate for local heat fluxes. Two different modifications
were tried in each of these regions as described below.

(I) Tuansition Area Modifications

‘The first modification tried in the transition region was applying a
high-conductivity silver-braze material to fill the root area between tubes
The filler material provided a conduction path into the root zone to reduce
crown temperatures. The calculated effect of braze addition on tube wall
temperzture distribution is shown in figure 33. The diagram on the left
shows wall temper-iture isotherms predicted in the transition region in the
Bill-of-Material configuration. The diagram on the right shows the pre-
dicted temperature distribution with braze addition. A reduction of crown
temperature from 2492°R to 1630°R was indicated by calculations, but
in actual application it was found that the filler braze was subject to
erosion and that other techniques for modification were required.

Heat Flow Silver Braze Addition

Figure 33. Effect of Filler Braze on Tempersture Distribution in Tube Walls GS 7903

The second and more effective modification in the transition region
consisted of incorporated cooling fins in the long tubes. The fins were
9-inches long and were fabricated from 0.060-inch thick stainless steel.
They were welded into the tubes to radially bisect the~tube flow ares, and
a small pressure equalizing gap was left at th~ outer crown. A sketch show-




ing the modification is presented in figure 34. This alteration improved
tube durability in three ways; (1) the coolant side film coeificient was
increased because of the higher coolant velocities caused by the flow area
blockage; (2) the heat transfer rate to the coolant was increased because
of the larger ccnduction area provided by the fins; and (3) hoop stress at
the tube crown was reduced because of the increased wall thickness produced
by the welding operation.

Inlet Manifold

Figure 34. Fin Installation in RL10 Chamber Nozzle FD 23713

{2) Combustion Chamber Modifications

The first modification used in the combustion chamber region consisted
of installing twisted copper inserts in the tubes to reduce coolant flow
area and increase the coolant side film coefficient. The inserts were in-
stalled through holes drilled in the coolant discharge manifold, and were
held in place by stainless steel extensions that were welded to the outlet
manifold. (See figure 85.) The inserts were fabricated from 0.090-inch
square copper bar stock, which was twisted to assure that there would be
no extended areas of direct contact with the tube wall. The length of these
inserts was varied between 3 and 8 inches in different thrust chambers. In
two chambers, the insert length was extended to 11 inches by the addition of
smaller diameter copper wire.

The second, and more effective, combustion area modification in-
volved the use of fins similar to those used in the transition region. The
fins extended from the discharge manifold to a point 1 inch upstream of
the throat (for a towal length of 11.2 inches). They were fabricated from
0.060-inch thick stainless steel plate and were of the appropriate height to




provide the same blocking area as the inserts. Thus, in addition to pro-
viding the same coolant velecity as the inserts they produced further
improvements due to the fin conduction and the increased wall thickness.

The use of silver braze filler was also tried in the combustion chamber
area of a1 umber of chambers, but operational problems resulted in damage
to those chambers and the utility of the approach was not established.

Discharge Manitold

Weld—/ L /

~ A L-Chamber Tube

Copper Inser!

Stainless Steel Insert Extension

Figure 35. Tube Insert Installation in Combustion Chamber FD 184134

¢. Chamber Instrumentation

A number of coolant bulk temperature thermocouples were installed
in the modified cooled thrust chambers tested to provide additional data
on heat transfer. Typical coolant tube thermocouple installations are shown
in figure 36. Because the thrust chambers were completed assemblies as
received, installation of the thermocouples was difficult and the number
used was limited accordingly.

d. Test Experience

Three over-cooled pressure-fed thrust chamber tests and nine pump-
fed engine tests were made using five thrust chambers, one of which was
modified twice. Modifications incorporated in the various units are sum-
marized in table XII.




Figure 36. Thermocouple Installation in Cooled Thrust Chamber

Thermocouple Junction
(Inmide the Silver)

Thermocouple Juaction
(Inside the Silver)

Bulk Thermocouple
Installation Turnaround
Manifold Only

Typical Coolant Tube
Bulk Thermocouple Installation

FD 12881C

TABLE XII. COOLED THRUST CHAMBER MODIFICATIONS

Test No. Chamber Cooling Modifications
S/N Mode
1-CA, 2-CA KD 115 Supplemental 8-inch inserts in tubes of combustion sec~
Cooled tion. Silver braze in tube transition area.
3-CA HF 318 Separately 1l-inch inserts in tubes of combustion sec-~
Cooled tion. Silver braze in tube transition area.
E-1 JP 97 Regenerative 3-inch inserts in tubes of combustion sec~
(Engine) tion, Fins in long tube transition area.
E-2 JP 88 Regenerative 3-inch inserts in tubes of combustion sec-
(Engine) tion, Fins in long tubes of transition area.
E-3 JP 42 Regenerative 1l-inch inserts in tubes of combustion sec-
(Engine) tion, Silver and nickel plating in combus-
tion area. Fins in long tube transition
area.
E-4 through | Jp 88 Regenerative Rebuilt with ll-inch fins installed in tubes
E-9 (Engine) of combustion section. Fins in long tube

transition area. 26-inch long rods inserted
in all nozzle tubes.
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(1) Pressure-Fed Tests

The first two pressure-fed tests of cooled thrust chambers were made
in supplementary cooled mode, i.e., liquid fucl in excess of the amount
required for combustion was fed to the cooling jacket. The excess coolant
was bled overboard after passing through the cooling jacket with the re-
mainder being supplied to the injector. Control system difficulties experi-
enced in those tests resulted in chamber damage. Prior to the third
pressure-fed test, the system was modified to supply the injector from a
separate source and thus eliminate the need for two control valves down-
stream of the cooling jacket. This scheme provided satisfactory control.
However, during the steady-state portion of the test, 17 tubes failed in the
transition region, permitting the coolant flow to be diverted from the
combustion section cooling tubes into the nozzle and causing damage to
the tubes in combustion section. Detailed analysis of the aifected area in
the transition region revealed the failure to be a result of the high coolant
flow, which allowed low coolant temperatures to be maintained well into
the low area ratio portion of the nozzle.

Figure 37 shows the effect of coolant temperature on wall margin*
in the failed area. Because the pressure at the failure point was not directly
measured, the margins are presented for both the jacket inlet and outlet
pressure levels. Thermocouple data indicated that with the amount of
overcooling used, the coolant bulk temperature at the location of failure
would be dangerously close to 340°R, the point of minimum tube wall
margin. The dramatic change in margin in this region of bulk temperature
is due to the wide variation in coolant properties near the critical tempera-
ture (343°R). At regenerative cooling flowrates, this condition would not
have been encountered because the critical region would have been traversed
in the lower heat flux regions further out in the nozle.

(2) Engine Tests

During the engine tests a severe transient cooling problem was en-
countered. As detailed in Section III, the relatively large internal volume
of the cooling tubes allowed a significant quantity of high density methane
to accumulate in the tubes during the engine start. When the chamber
pressure, and therefore heat flux, increased rapidly during the transient, a
large decrease in the coolant density occurred. This caused a surge or, in
some cases, a complete inlet flow reversal. The reduced cooling velocities
during this period resulted in tube failures.

* Wall margin is defined as the difference between the predicted tube operating tempera-
ture and the temperature at which the calculated tube hoop stress equals the 029, yield
stress of the mrterial.
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Figure 37. Predicted Variation in Tube Wall Margin With Coolant FD 25628

Bulk Temperature at Point of Failure in Test No. 3-CA

The surge problem was resolved by a system change and a thrust cham-
ber change in combination. The system alteration was a con.rols change that
reduced the rate of oxidizer introduction into the chamber and therefore
the rate of change of heat flux; the chamber was modified to reduce coolant
tube volume as well as to improve heat transfer in the problem areas.

RLI10 thrust chamber tubes, sized for hydrogen, have an aggregate
internal volume of almost 0.7 ft®. This volume is equivalent to approxi-
mately 18 pounds of liquid methane. To reduce this volume, the final
chamber tested, S/N JP 88, was modified by insertin: 0.187-inch diameter
stainless steel rods into each of the nozzle tube . The rods were inserted
through the turn-around manifold and extended 2¢ inches into the tubes
as shown in figure 38. In addition to reducing the chamber volume by
almost 259, the additional mass of the rods provided residual heat capable
of heating 4 pounds of liquid methane to 400°R (with the jacket at the
temperature typically experienced at engine start). The combination of
reduced chamber pressure rise-rate and reduced cha nber volume had the
desired effect. The coolant flow upset was significan:ly reduced and it was
possible to proceed with engine testing.

Because of the possible stability problems that could be encountered
with bulk-boiling, the engine cycle was configured to maintain cooling
jacket pressures sufficiently high so that this situation would be avoided.
(Refer to Appendix C.) The jacket pressure was either maintained above
the critical pressure (673 psia) throughout, or the inlet pressure was suffi-
ciently high so that the coolant critical temperature (343°R) was exceeded
at pressures above critical. Because ~f the chang- in turbine area during
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test No. E-4, the engine operated with jacket inlet pressures below the
critical value for at mit 9 seconds. 2o signs of instability were noted and
no chamber damage was :ncountered. Brief periods ot subcritical pressure
operation were also en.c untered in tests No. E-7 through E-9. No coolant
flow instabilities were indicated. However, the slight chamber damage
existing at the start o' rest E-7 increased during that test. The increased
damage was probably caused by the weakened condition of the chamber
at the start of the test, but the possibility of tube-to-tube fluctuations due
to boiling cannot be definitely eliminated. Although the lack of inlet or
outlet flow instability indicated that the system was at least marginally
stable with bulk-boiling, it is felt that subcritical pressure operation should
be avoided unless extensive dynamic analyses are completed to assure that
stability can be maintained. The work reported in Reference 3 showed
that an RL10 chamber could be cooled with bulk-boiling methane; how-
ever, extensive chamber modifications were required to minimize tube-to-
tube feedback.

Outlet

Manifold
0.187-in. Diameter Rod

Figure 38. Rod Installation in CI amber JP88 Nozle FD 25627

e. Heat Transfer

Because of the limited amount of detailed information that could be
obtained, heat transfer analyses for the cooled thrust chambers consisted
primarily of comparing the experimental coolant energy rise profile to
that predicted using theoretical gas film coefficients. Figure 39 compares
the coolant energy rise determined from coolant bulk temperature measure-
ments with the theoretical rise based on two different percentages of the
Bartz coefficients, 250%, in the nozzle region downstream of the inlet mani-
fold and 259, in the regions upstream of the inlet manifold.




Reviewing the data obtained, it was found that the overall coolant
energy rise (heat transfer rate) was approximately 909, of the theoretical
value. The experimental value is based on inlet and outlet manifold
temperatures and thus provides an integrated average value for the thrust
chamber. The 109, reduction is slightly less than that measured in flox/
methane tests at low chamber pressure (100 psia) as reported in References
2 and 3.

The unique indication of figure 39 is that the heat transfer rate down-
stream of the transition region is approximately 2.5 times higher than the
theoretical value. Based on the data from test 3-CA, in which the thrust
chamber was most extensively instrumented, approximately 809, of the
heat transfer occurred in the nozzle downstream of the throat. While
the bulk temperature thermocouples used were subject  ome conduction
errors because of the method of installation, and there were also circum-
ferential heat flux variations, these factors could not reasonably explain
a difference of this magnitude This result is also substantiated by the fact
that when the high indicated value of nozzle heat transfer is subtracted
from the well defined overall heat transfer rate, the resulting chamber heat
flux is shown to be about 259, of theoretical, which compares favorably
with that calculated using experimental film coefficients obtained in the

uncooled tests.

Symbol  Test No.
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Figure 39. Coolant Energy Rise DF 68969
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SECTION V
TURBOPUMP MODIFICATION AND TEST

A cut-away sketch of the RL10A-1 turbopump is prescnted in figure
40. The assembly consists of a two-stage centrifugal fuel pump mounted
on a common shaft with a two-stage impulse turbine, and a single stage
oxidizer pump that is gear driven from the turbine-fuel pump shaft. Chang-
ing to methane made it necessary to modify the fuel pump and turbine to
compensate for the great difference in the density of the hydrocarbon fuel as
compared to hydrogen (methane density is 26 b ft?, hydrogen is 4 1b/ft?).
With alterations to the fuel pump and a change in gear ratio, cycle require-
ments could be satisfied while retaining R1.10A-1 oxidizer pump geometry;
therefore the only modifications required to the oxidizer pump were those
necessary to achieve chemical compatibility with liquid fluorine. Fortu-
nately, RL10A-1 oxidizer pumps modified for fluorine service in the
fluorine/hydrogen propulsion system research program conducted under
Contract NASw-754 were available for use in this program.

Detailed descriptions of basic configuration, modifications, and test
experience with the various elements of the turbopump (fuel pump, oxi-
dizer pump, turbine, and gear train) are presented in this section of the

report.
A. FUEL PUMP
1. PUMP DESCRIPTION

The RLI10A-1 fuel pump, which is mounted on a common shaft with
the turbine, is a two-stage centrifugal unit with rear shrouded impellers
mounted back-to-back for thrust unbalance minimization. The first-stage
impeller has 50-degree swept vanes and the second-stage impeller incorporates
radial vanes. A three-bladed axial flow inducer is mounted forward of
the first stage impeller. Recovery of velocity head is accomplished through
straight conical diffusers at the discharges of the volute collectors. The
first stage volute and diffuser are contained in the fuel pump housing;
the second stage impeller cavity and flow passages are located in the forward
end of the gearbox drive housing. The shaft is supported by two ball
bearings, one mounted between the impellers and one at the turbine end
of the shaft. The bearings are not lubricated, but are cooled by fuel bled
from the inlet of the second-stage fuel pump impeller. Net thrust loads
are controlled by selection of pump impeller and turbine rotor disk areas.

There are four dynamic seals on the common pump-turbine shaft.
All of these are of the spring-loaded face seal type with piston rings for
axial sealing. The stationary nosepieces are silver impregnated carbon,
rubbing on chrome plated rotating surfaces. One seal is located between
the two pump impellers to prevent leakage from the second to first stage.
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Two seals in series, with an interseal bleed back to the first stage inlet,
are used between the second stage impeller inlet and the gearbox, and
there is a seal between the gearbox and the turbine.

THRUST CONTROL M@HNT
. 2ND-STAGE IMPELLER >

. 18T-STAGE IMPELLER

. FUEL PUMP INLET

I - TR

. OXIDIZER PUMP INLET _ . .

1. OXIDIZER PUMP DISCHANNE

8. MAGNETIC SPEED PICKUP

9. TURBINEB oo s _-ive, O gt

10. TURBINE DISCHARGE. . ... - - -
11. TURBINE BYPASS TROM THRUST CONTROL
12. TURBINB INLET.

Figure 40. RL10A-1 Turbopump Assembly

2. Modifications

. PUMP DISCHARGE TO SECOND STAGE . - -

e bed B A

< S e G

FD 32614

Because of the significantly higher liquid density of methane as cum-
pared to hydrogen, fuel pump head rise and volumetric flow requirements
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for the modified engine are reduced drastically. The primary approach for
meeting the revised head rise requirement with minimum effect on the
remainder of the system was to reduce fuel pump diameter. However,
a modest reduction in pump speed was also effected by using a reduced
oxidizer pump gear ratio.

The modified pump is compared to the standard RL10 hydrogen pump
in figure 41. The modified impellers were sized at 4.25 inch-diameter for
both stages, based on a head coefficient of 0.495 and a shaft speed of 19,926
rpm. Filler plates were added to the bearing support to fill the voids left
by the reduced diameter impellers, and thereby to maintain smooth flow
passages that would reduce possible head losses. No changes were made
to the bearings, seals, or the fuel distribution system for gearbox cooling.

Turbine Inlet
<O HYDROGEN
TURBOPUMP

d

“Fuel Pump Inlet
Straightening METHANE
Vanes TURBOPUMP "

Filler Plate

Reduced Diameter
Impeller

Figure 41. Comparison of Hydrogen and Methane FD 145338
RL10 Turbopump Assembly

It was necessary to remove the inducer blading because of increased
stress levels resulting from the increased fluid density and operation at low
flow coefficients. Pump NPSH capability was affected only slightly because
of the compensating effect of the six-fold reduction in pump volumetric
flow. Figure 42 shows the first-stage impeller, inducer hub, and bearing
support of the partially-assembled modified fuel pump.
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Figure 42.  First Stage of Modified Methane Pump FD 238374

3. Testing

Preliminary data on fuel pump operating characteristics were obtained
during engine cold flow tests made before the first hot firing. Figure 43
displays pump pressure rise vs flow, corrected to design point operating
speed. Two conclusions were drawn from the cold flow data; (1) the
head coefficient was approximately 0.55, rather than 0.495, resulting in
10%, greater pressure rise than predicted; and (2) the slope of the pressure
rise vs flow curve in the region of the design point was positive. Operation
in regions where the pump characteristic curve has a positive slope is unde-
sirable from the standpoint of system stability. To obtain more favorable
characteristics (since excess pressure rise was available) a 0.586-in. diameter
orifice was installed downstream of the fuel pump. During the last engine
test series the engine cycle balance was adjusted by reducing the discharge
orifice diameter to 0.495 inches (see Section III). The head/flow char-
acteristics for the pump and orifice combinations, also presented in figure
43, show the negative slope achieved in the design point region when re-
strictions were added.

Fuel pump efficiencies were calculated from measurements of tempera-
ture rise across the pump made during hot firing tests. The demonstrated
efficiencies are presented in figure 44. These efficiencies are in the range
of 30 to 34%, or approximately 60%, of the level that is predicted using
Worthington similarity curves; the low efficiency is attributed to the non-
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optimum configuration of the highly modified pump and was predicted
before testing. Pumps designed specifically for these conditions should have

an efficiency closer to the “Worthington™ value.
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for Methane Modified RL10A-1 Fuel Pump

The durability of the modified fuel pump was considered completely
satisfactory. In test No. E-6 a stress failure of the inlzt housing was experi-
enced because of a pump overspeed during the start transient (refer to
Section I11). The increased loading of the housing resulting from impeller
diameter reduction (which increased the area upon which discharge pressure
acted) had been recognized, and an 850 psia limit had been estimated from
the calculated housing stress and the 0.29%, yield strength of the housing
material at 200°R. The rupture occurred during a pump overspeed when
the first-stage discharge pressure was 900 psia and therefore was not unex-
pected. The failure occurred in the form of a single crack emanating from
the vicinity of the cutwater and extending circumferentially approximately
180 degrees around the housing. Following this occurrence, engine control
modifications were made to eliminate the overspeed, and no further fuel
pump malfunctions were experienced.

B. OXIDIZER PUMP

1. PUMP DESCRIPTION

Details of the RL10A-1 oxidizer pump assembly are shown in figure 45.
The assembly has three main housings: an inducer ho.sing, impelier hous-
ing, and gearbox housing. The gearbox housing flange mates the oxidizer
pump to the fuel turbopump assembly which provides driving power
through a reduction gear train. The pump is a single-stage centrifugal unit
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having a fully shrouded impeller and shrouded axial inducer. Labyrinths
are incorporated at the inducer shroud to minimize flow recirculation.
Radial blades are used on both the front and rear impeller shrouds to
reduce thrust loads on the shaft. The pump shaft is supported by a ball
bearing located in the impeller housing behind the dynamic seals, and a
roller bearing located in the gearbox housing. The drive gear is located
between the bearings, both of which are cooled by fuel which is tapped
off of the first stage housing, approximately at the midpoint of the impeller.

Inducer Shroud Seal Ping

Impeller ~ Seal Package Grear Dr?::e;s;gter
N~
Inducer F

" 1

®

)

Imy
Housing

Figure 45. RLI10A-1 Oxidizer Pump FD 110434

\ A
Ind
earbox Housing
peller

Because fuel is used to cool the gearbox, effective shaft sealing between
the impeller cavity and the gearbox is mandatory. The shaft seal package
used consists of four seals, two bellows type face seals and two split ring
seals. These are shown more clearly in the enlarged sketch of the seal
package presented in figure 46. The bellows type seals are used in the
primary seal positions at both the pump and gearbox. The split ring seals
are used behind the bellows types as secondary seals. Vent ports provide
for overboard discharge of propellants from the cavities between primary
and secondary seals at both sides. An additional port is provided in the
cavity between the two secondary seals. This port is vented during flight,
but low pressure (9-13 psig) helium is supplied to it to provide isolation
during engine ground test.
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Figure 46. RLI10 Oxidizer Pump Seal Arrangement FD 11042C

2. MODIFICATIONS

The results of preliminary engire cycle studies indicated that, when
intended modifications to the fuel pump and gearing were made, the
RL10A-1 oxidizer pump geometry would be suitable for flox-methane
operation of the engine. Therefore the only modifications required for
the oxidizer pump were those necessary to make the assemhly chemically
compatible with liquid flox. Such modifications had been incorporated
in two RL10A-1 oxidizer pumps used in fluorine-hydrogen engine demon-
stration testing under Contract NASw-754, and these pumps were available.
The two pumps, identified «s S/N C71Y001 and C71Y002, were therefore
transferred to the flox-methane pump-fed engine program.

Details of the compatibility modifications incorporated in the pumps
are fully discussed in Reference 4. The basic rotating elements of the pump
were fabricated from compatible materials and therefore were retained essen-
tially without change. The bearings and gear are located in areas not
normally exposed to fluorine and were also retained. The cast aluminum
inducer and impeller housings, which are exposed to fluorine, were changed
to forgings in order to avoid possible cleaning and porosity problems. The
carbon inducer shroud seal ring was eliminated and, when the change from
castings to forgings was made, the volute cross section area was reduced
so that efficient performance would be maintained at the lower volumetric
flow rates in the fluorine 1odified engine. The steel sleeve normally in-
stalled in the housing bore to accept shaft seals and spacers was replaced
with two sleeves, aluminum at the impeller cavity, and steel at the gearbox
end. The OD of the aluminum sleeve was electron beam welded at the
surface of the impeller cavity to prevent liquid fluorine from entering the
sleeve-housing interface.
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As used in fluorine ‘hydrogen demonstration test engines, the modified
pumps incorporated 3.914 inch diameter RI.LIOA-3 impellers rather than
3.826 inch diameter RL10A-1 impellers. The shaft seal materials employed
in the primary and secondary fluorine seal positions were a titanium carbide-
nickel cermet. Kentanium K-162B*, and aluminum oxide. The Kentanium
K-16288 was used for the rotating mating rings on the shaft; alumina was
wsed in solid form for secondary seal split rings and as a flame-sprayed
coating on the primary seal nosepiece. Primary seal bellows were changed
from machined beryllium copper to welded stainless steel.

The Kentanium K-162B-aluminum oxide material combination was
proved in the initial phase of a seal material investigation conducted under
the fluorine/hydrogen propulsion research program. The investigation
continued after engine demonstration tests had been accomplished and in
the course of this effort other materials were proved. For the flox/methane
engine program, advantage was taken of later results in making a selection.
Materials chosen for shaft seals included a Kentanium K-162B mating ring
rotating on a K-162B nosepiece in the primary fluorine seal, aluminum
oxide split rings on a Kentanium K-162B secondary fluorine seal mating
ring (which is common for the secondary gearbox seal), and boron nitride
split rings for the secondary gearbox seal. The hard chrome mating ring
of the primary gearbox seal was retained, but the nosepiece carbon was
changed to Purebon 658 RC**grade, which is compatible with gaseous, but
not liquid, fluorine.

Pump testing experience was also gained in the later phases of the shaft
seal material investigation, and this defined other minor changes to improve
the durability of the pump in liquid fluorine service. Changes incorporated
in the oxidizer pump for the flox/methane engine program were: (1) Inco
718 seal bellows were used so that permanent set problems encountered
with stainless steel parts could be avoided; and (2) the impeller front
shroud blading was removed and the rear shroud was scalloped to 3.3 inch
diameter to increase the shaft thrust load and prevent possible unloading
of the primary seal by forward movement of the pump shaft. Impellers
of the nominal RL10A-1 diameter, 3.826 inches, were used.

3. Testing

Although the pump modifications had been proved in liquid fluorine
testing, the fact that the material combinations used for the primary and
secondary flox seals relied upon the formation of nickel fluoride lubricating
films at the seal rubbing surfaces to reduce friction made it desirable to
conduct seal rig and pump tests witn the oxidizer containing 17.4 percent

* K-162B is a designation of the Kennametal Company, Latrobe, Pa.

®* Purebon 658RC is a carbon grade designation of the Pure Carbon Corp., St. Mary’s,

Pennsylvania.
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oxygen before committing the pumps to engine use. A 31.8 minute seal
rig test was conducted at the P&KWA Florida Research and Development
Center, and a 34 minute and two 5 minute tests of pump assemblies were
conducted at NASA-LeRC Plumbrook Station.

a. Seal Rig Test

The seal rig test in liquid flox was conducted without incident using
the test rig and operating techniques that had been employed for the
original fliorine seal evaluations (see Appendix A and Reference 4).
Operating, conditions were: primary seal preload 14 1bs, secondary seal
preload 8 Its, "1quid flox pressure 145 psia, shaft speed 11,000 rpm, atmos-
pheric oxidizer and fuel seal vent cavity pressures, helium seal dam pres-
sure 3b psia. No abnormalities were disclosed in the post-test inspection
of the se2l p .ckage; measured seal wear, shown in table XIII, was perfectly
acceptable. The variation in cumulative flox leakage over the pericd of
the test is shiown in figure 47. Average flox leakage was 23.3 b /hr.

TABLE XIII. FLOX PUMP SEAL WEAR*

Seal Location Primary Flox Secondary Flox
Seal Seal

Mating ring wear, in. 0.0001 0.0001

Nosepiece/split ring wear, in. 0.0002 0.0001

* Measured after 31.8-minute rig test,
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b. Pump Loop Tests

A 34 minute test of pump S/N C71Y002 was conducted to verify the
integrity of a modified pump in liquid flox and to permit acquisition of
head rise and efficiency data.

Performance data obtained during four flow executions from 80 to
210 gpm at 9950 rpm with inlet pressures of 15, 25, and 35 psig are presented
in figure 48. The pump was found to be in generally good condition during
disassembly and inspection following the 34 minute test, but one discrepancy
was noted. The K-162B primary flox seal mating ring had developed a
hairline radial crack.
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Figure 48, Performance Data From 34-Minute Flox Pump Performance DF 68908

and Durability Demonstration (Pump S|N C71Y002)

No expianation for the mating ring discrepancy was found. Based on
vent pressurc measurements, seal performance during the entire test period
was consistent; therefore it was assumed that the crack was present before
testing started. The measured wcar of the primary flox seal was approxi-
mately five times that expected based on results of seal rig testing, but was
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still acceptable; the wear at the secondary seal was normal. The increased
wear rate of the primary seal is attributed to the presence of the crack in the
mating ring.

Because of past history with K-162B mating rings and the fact that pump
S/N C71Y002 performed satisfactorily with the damaged mating ring, it was
decided that the configuration was acceptable and that a material change
was not required. The interference fit of the mating ring on the oxidizer
shaft, measured at assembly, was 0.0011 inch. This was less than the maxi-
mum interference fit of 0.0012 inch that had been used successfully in
fluorine pumps tested under Contract NASw-754 and therefore did not
appear to be a factor. However, to reduce the possibility of recurrence, the
maximum allowable interference fit between the mating ring and the shaft
was reduced from 0.0012 to 0.0010 inch.

Following completion of the 34 minute test, both pumps available to
the program, S/N C71Y001 and C71Y002, were assembled in the same con-
figuration and subjected to 5 minute liquid flox checkout tests prior to their
certificaiion for engine use. No discrepancies were noted during these tests
and the calibrated post-test seal leakage was well within established limits.
Performance data obtained during the 5 minute tests of the two pumps in
flow excursions from 80 to 210 gpm at 9950 rpm with a 35 psig inlet pressure
are presented in figures 49 and 50.

¢. Engine System Tests

Pump S/N C71Y002, which had accumulated a total of 39 minutes of
component testing, was used for the first two engine firings. During engine
test No. E-1 a temporary reduction in oxidizer pump head was expericnced
at 5.7 seconds into the 43.4 second test. This was an effect resembling inlet
cavitation, but the net positive suction pressure at the time of the occurrence
was 40 psi, and satisfactory operation of the pump at this level had been
demonstrated previously. The problem was attributed to gas ingestion at
the inlet due either to purge gas leakage or vaporization of flox in the inlet
instrumentation taps. For the remaining engine tests the purge shutoff
valves and the inlet instrumentation transducers were moved closer to the
engine to minimize the line volume between them and ihe engine connec-
tions, and no further head loss problems were experienced.
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Prior to the third engine build using pump S/N C71Y002, a standard
preassembly check of the turbopump seals revealed higher-than-normal
leakage rates across both the secondary flox and secondary gearbox seals
(refer to figure 46). The pump was disassembled and it was found that

the common rotating mating ring between the secondary seals had developed
a single radial hairline crack. Leakage levels had been acceptable in checks

made between engine builds No. 1 and 2 and at engine disassembly follow-
ing build No. 2. It was therefore established that the seal had cracked
during the storage period between builds.

As in the instance of the primary fluorine seal, a room temperature
interference fit between the K-162B mating ring and the inconel shaft was
specified at the secondary seal location because of differences in expansion
properties. It is surmised that the failure resulted from a combination of
the residual stresses caused by the interference fit and thermal cycling during
two pump component tests, 6 engine cold flows, and 2 engine hot firing tests
(41.3 minutes total test duration). Although leakage rates during helium
calibration were measurably high because of the crack, the problem was not
serious enough to have caused any difficulties during an engine test.

Following discovery of the mating ring failure in pump S/N C71Y002,
the second pump, S/N C71Y001, was substituted for later engine tests. Pump
$/N C71Y002 was reassembled with a new mating ring, but was not required
for further use.

This failure and the similar failure of the primary mating ring in the
pump loop tests indicate that the amount of ring/shaft interference is a
critical item with K-162B rings. This is definitely an area which should be
further investigated if this material is used in future engine programs.

C. TURBINE
1. DESCRIPTION

Turbopump power is supplied by a two-stage partial admission impulse
turbine. The first and second rotor stages are machined from a single piece
of aluminum and the blades are shrouded to minimize blade tip leakage.
The first stage turbine stator has fixed vanes over an admission arc of
approximately 135 degrees. The second stage stator is a full admission type.
Adjustment of turbine inlet area is a standard procedure in the assembly of
oxygen/hydrogen engines. Individual passages between vanes are closed
with plugs as required, and finer adjustment is provided by a vernier gate
at one end of the admission arc, as shown in figure 51.
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Figure 51. RL10A-1 Ist-Stage Turbine Stator Area Reduction FD 127634

2. MODIFICATION

A significant reduction of the RLI0 turbine first-stage stator area was
necessary to maintain adequate pressure ratios across the stator with methane.
The standard method of stator area reduction, insertion of stator vane
plugs, was used, but because of the extent of reduction required and the
inherent loss of efficiency as the arc of admission is decreased, a second
technique was also utilized. This second technique was reduction of the
vane trailing edge gap, which achieves some of the required area reduction
without changing the arc of admission. To reduce the trailing edge gap,
the aft portions of the vanes were cut at their inner and outer attaching
points, the trailing edges were bent to the desired positions, aind the inner
and outer edges were welded in the new position. To further maximize
the admission arc, a sealant was used on stator vane plugs to prevent
leakage around them. The inlet area measured in bench flow tests follow-
ing modification was 0.471 in.? compared to 1.145 in.? for normal oxygen/
hydrogen operation.

Camtan

Development experience with the oxygen/hydrogen RL10 showed that
a swirl or vortex in the turbine exhaust housing, caused by turbine opera-
tion off the peéak efficiency point (optimum U/C), caused a pressure loss
and reduced cycle power. Therefore, to eliminate the loss of cycle power
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in flox methane deinonstration engines, stationary straightening vanes
were installed at the exit of the second-stage turbine rotor. These are
shown in figure 52, which is an exploded view of modified methane pump
and turbine parts.

Turbine Housing

Straightening Vanes
‘Rotor Assembly
1st-Stage Stator

Shaft

2nd-Stage Impeller
. Bearing Support Plate

- o

Interstage Stator
(Not Shown) N

Inducer Hub
2nd-Stage Filler Block—/ »

1st-Stage Filler Block-/
1st-Stage Impeller

L 32030

Figure 52. Methane Modified RL10A-1 Fuel Pump and Turbine Parts FD 238384

3. TESTING

In the first three builds of engine FX-153 the turbine operated
essentially as expected. During tests No. E-4 and E-5 the cycle balanced
at lower than predicted steady-state mixture ratios, a condition sympto-
matic of component failures that reduce the fuel side flow restriction.
Sufficient steady-state data to identify the point of reduced restriction
were not available until after test No. E-5, but when they were obtained
it was established that the turbine inlet flow area had increased. The
program was nearing completion at that point in time and the remaining
scope was insufficient to permit cessation of testing and remova. of the
engine from the test stand for turbine disassembly and inspection. It
was therefore necessary to accept the turbine area change and to proceed
without immediately establishing the mode of failure. The turbine area,
calculated from engine data, was 0.57 inch; orifice anc control changes
were made to compensate for the change and balance the cycle for the
remaincer of testing.
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Teardown inspection after test No. E-9 provided visual confirmation
that the turbine flow area had increased and permitted the cause to be
ascertained. The failure was associated with the trailing edge modifica-
tion made to reduce the stator area. Several of the weld joints holding
the vanes in their relocated positions had cracked, permitting the affected
blades to deform and thereby allowing the area to increase. Figure 53
is a post-test photograph of the first-stage turbine stator showing cracked
trailing edge welds. The weld failures can only be explained in light of
the relatively poor welding characteristics of the AMS 4130 (high silicon
content) aluminum used in the stator.

Figure 53. Post-Test Condition of Ist-Stage Turbine Stator FD 25343

Turbine efficiency data obtained during the steadystate portions of
the longer duration tests are presented in figure 54. The maximum demon-
strated efficiency was 519, which was approximately 59, lower than that
for unmodified RL10 turbines, but is about 5%, higher than was originally
predicted based on oxygen-hydrogen RL10 data for reduced admission
areas. The improvement is attributed to the use of stationary straightening
vanes and reduced trailing edge gaps. Significantly higher efficiencies could
be achieved in a turbine designed specifically to operate at these conditions.
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Figure 54. Efficiency of Methane Modified RL10A-1 Turbine DF 68973

D. GEAR TRAIN
Turbine power is transmitted to the oxidizer pump through a spur
gear mounted on the common turbine/fuel pump shaft, an idler gear
located in the gearbox housing, and a gear on the oxidizer shaft. The bear-
ings (ball and roller) and spur gears are not lubricated but are cooled
by fuel tapped off of the fuel pump and distributed through a system of
internal passages (sec Reference 9). The overall gear ratio of the standard
RL10A-1 engine turbopump is 2.5. To permit a reduction of fuel pump
speed without making changes to the oxidizer pump geometry necessary,
RL10A4 gearing, which provides an overall ratio of 2.118, was used in
the flox/methane demonstrator.

The calculated fuel flowrate required to cool the bearings and gears
in the hydrogen application is 0.01 Ib_/sec, based on the heat generated
at RLI10 design conditions. With no modifications to the passages, the
methane flowrate was approximately 0.2 1b,/sec. Post-test inspection of
the turbopump assemblies did not reveal any wear problems, indicating
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that the cooling attorded by the methane was adequate and probably could
be reduced. This is a signiticant result because it assures that the comnh-
cation of separate lubricating or coolant supply svstems will not be neces-
sary in methane engine designs.

The only problem experienced because of the gear train was a delay
in the start of turbopump rotation in rthe first two engine tests. In
tests No. E-1 and F-2 there was a period of approximately 1 second be-
tween the opening of the propellant valves and the start of turbopump
rotation, whereas a hesitation of 0.25 seconds is more tvpical of the RL10
oxygen’hydrogen engine. The greater delay was traced to insufticient
clearance between the hub of the spur gear on the oxidizer pump shaft and
the gearbox housing of oxidizer pump S'N C71Y002. The low clearance
was evidenced by 2alling of the housing surface, and caused binding wien
a rearward shaft loading was applied. Apparently, the pressure resulting
from initiation of oxidizer flow provided sufficient rearward loading to
cause rubbing. The binding was not revealed in pre- and post-firing static
torque checks which are made with the pump installed on the engine
but with essentially no axial load. The galling at the housing surface
was not visible at disassembly to the component level, but was found
when the pump was completely disassembled for investigation of secondary
seal leakage. No hesitation problems were encountered with pump S/N
C71Y001, and the housing of $/N C71Y002 was machined to provide the
proper clearance. However, as noted above, the original unit was not
required for further service.
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SECTION V!
VALVES AND CONTROLS

There are seven major valves in the propellant flow streams of the
RLI0OA-1 enginc. (Refer to figure 2.) The fuel system incorporates a
fuel iniev shutoft valve, two fuel pump cooldown valves, a thrust con-
trol, and a main tuel shutoff valve. Oxidizer flow is controlled by the
oxidizer inlet shutoff valve and the oxidizer flow control valve. Except
for the thrust control and the oxidizer flow control valve, all of these
valves are actuated for at least some part of their function by helium
gas pressure that is controlled by electrically operated solenoid valves.
The solenoid valves respond to electrical signals from the vehicle control
system or, in the case of the tlox ‘methane engine, from the test facility
sequencer.

Only the two oxidizer valves and the thrust control required modifica-
tion for use on the tlox,methane engine. All other valves were used
without physical change from their RLIOA-1 Bill-of-Material configura-
tion.

A. FUEL VALVES
1. GENERAL

Four of the fuelside valves (fuel inlet shutoff, fuel pump interstage
cooldown, fuel pump discharge cooldown, and main fuel shutoff) did not
require any changes from their RL10 configurations, which are described
in detail in Reference 9. Preparation of these valves consisted only- of
vacuum baking (to remove moisture that could freeze during operation)
and bench calibration testing to verify satisfactory sealing and operation.
The functional checks consisted of applying the applicable actuation pres-
sures and checking for proper valve movement. During the engine tests,
all of these valves operated as programed and no requirements for
changes were revealed. After each test the valves were inspected, subjected
to bench tests, vacuum-baked, and stored for use on the next assembly.

The fifth valve in the fuel system is the thrust control. Because of the
great difference in density of methane and hydrogen and also because
scheduling of the starting transient proved to be extremely critical,
several thrust control modifications were required.

2. THRUST CONTROL
a. Description

The thrust control is a servo operated variable position valve that
references chamber pressure and controls the amount of fuel that bypasses
the turbine; this regulates the turbine power and hence turbopump speed.
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A schematic diagram of the valve is presented in tigure 53. The amount
of bypass flow is determined by the position of the sliding bypass valve.
The bypass valve position is established by the balance of forces resulting
from the differential between the turbine discharge pressure (acting

on the bottom of the valve) and the ‘servo chamber pressure and the
springs. Continuous flow to the servo chamber is supplied from the heat
exchanger discharge line through a fixed choked orifice An increase
in combustion chamber pressure moves the bellows carriage downward
against the springs to open the shear orifice and reduce the servo chamber
pressure. As the servo chamber pressure decreases, the net torce on the by-
pass valve changes, and the bypass valve piston moves to increase the bypass
area. As the bypass area increases, the quantity of fuel bypassing the
turbine increases, thus reducing the turbine power output. The bypass
valve travel is transmitted to the bellows carriage through the feedback
spring, thus balancing the forces on the carriage and returning the servo
valve lever to an equilibrium position. Converselv, a decrease in the
chamber pressure allows the bellows carriage to move upward and closes
the shear orifice. Servo chamber pressuie then increases and the resulting
force differential moves the bypass valve piston to decrease the bypass area.

THRUST LEVER (PRELOAD) COMBUSTION
ADJUSTMENT CHAMBER PRESSURE

MOTOR BELLOWS

REFERENCE SPRING.

PNEUMATIC RESET
/ VOLUME ORIFICE

RESET REFERENCE BELLOWS
CARRIAGE

SHEAR ORIFICE
SERVO LEVER

FEEDBACK SPRING

BODY PRESSURE
OVERBOARD VENT ORIFICE

R
i -
=

TURBINE BYPASS INLET — N~ S -<— TURBINE BYPASS INLET

SERVO SUPPLY ORIFICE

TO TURBINE DISCHARGE
Figure 55. Thrust Control Schematic FD 3212D

The forces on the thrust control carriage, which positions the servo
lever, consist of combustion chamber pressure acting through the motor
bellows, the pressure acting through the reset *ellows, and the reference
spring and feedback spring loads. The chamber pressure at which the valve
controls is set by the preload on the reference spring. The preload is
adjustable, and the adjustment is normally set and locked during engine
acceptance test. However, for the flox/methane engines, an electromechani-
cal drive was provided to allow remote adjustment during engine tests.
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The control also incorporates a lead-lag reset feature that senses the
time rate-of-change of chamber pressure and reacts to prevent system
overshoot or undershoot. It affects the pressure differential acting on the
reset bellows area during transient conditions. The reset bellows internal
pressure is supplied from the body through the pneumatic reset volume
orifice into the reset bellows. (See figure 55.) Because of the restriction
created by the reset volume orifice, rapid changes in chamber pressure
react on the motor bellows before the pressure within the reset reference
bellows can adjust. The resulting imbalance on the reference carriage
allows changes to the position of the servo lever before the preset value
of chamber pressure is reached.

b. Modificaiions

Prior t- the first engine test, the only changes made to the RL10 Bill-
or-Material configuration were resizing of the servo supply and body vent
orifices to compensate for the higher methane density and installation
of a mechanical stop to limit the control bypass area. The bypass area
was limited to approximately 259, of the turbine area to prevent extensive
overcorrection that might produce high speed pump stall. Setting the
control for operation at a 250-psia chamber pressure, compared to 300 psia
for the oxygen/hydrogen RL.10, was accomplished with the reference spring
preload adjustment.

c. Test Experience

The modified valve functioned as expected in bench tests. Examination

of data from the first engine test (No. E-1) revealed that steady-state
control was adequate, but that the response desired during the starting

transient was not obtained, and that more than normal chamber pressure
variation was encountered during that period. This sluggishness appeared

‘to be caused by two factors: (1) the flox/methane system is basically

less responsive than an oxygen/hydrogen system and (2) the thrust control
piston had a minor tendency to stick. Operation of the thrust control
piston was well within acceptable limitc for an oxygen/hydrogen system,
but when used in the slow response methane system, undesirable system
overcorrections occurred. To improve the control response, larger servo
inlet and body discharge orifices were installed prior to test No. E-2.
These larger orifices increased the flow through the servo system and im-
proved the valve’s ability to limit thrust undershoot.

In the first two engine tests, the thrust control anticipated an
overshoot and began to open the turbine bypass at a chamber pressure
of approximately 220 psia because of the lead-lag feature. However, the
chamber pressure overshot t a maximum of 330 psia, followed by rapid
deceleration toward the 250-psia set point, because of the slower system

.response. This deceleration occurred almost simultaneously with the
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initial coolant slowdown resulting from expansion of methane within the
jacket (as explained in Section III), and contributed to the severity of
chamber darnage encountered on those tests.

The design and testing of a new faster reacting thrust control was
not within the scope of this contract; therefore, for the third engine test,
a new starting procedure was devised to avoid the overshoot. A three-way
solenoid valve had been incorporated into the servo chamber supply line
to vent the line to ambient pressure (rather than to supply coolant at
jacket discharge pressure) to reduce power during shutdown. For the
third test, the system was used to deactivate the thrust control at a high
bypass position during the start transient. With reduced servo supply
pressure, the bypass piston began to open when the turbine discharge
pressure was approximately 35 psia, and the engine was accelerated with
the turbine bypass full open. This reduced the rate of acceleration and
also prevented system overshoot and subsequent rapid dcceleration. The
mechanical stop was changed to further limit the travel of the bypass
piston so that a bypass area consistent with a steady-state chamber pressure
of 235 psia at a mixture ratio of 54 would be obtained. During the
first test using this procedure {test No. E-3), the control performed as
expected, and the system accelerated to the predicted chamber pressure
of approximately 230 psia with minimum overshoot.

Several variations of this procedure were used during the subsequent
engine tests, and satisfactory thrust control characteristics were demon-
strated in all tests except No. E-8. During that test, a feedback loop was
established betw:. en the thrust control and the marginally seated oxidizer
control valve. The resulting system changes that occurred as the oxidizer
valve changed positions produced more upset than the thrust control
could compensate, and a 1-Hz cycling between 200- and 250-psia chamber
pressure resulted. Normally, there is insufficient power to reaccelerate
the system after the oxidizer valve has become unseated; however, a by-
pass line installed around the oxidizer control valve prior to this test
evidently changed the system enough to allow reacceleration.

B. OXIDIZER VALVES

As discussed in Section III, there are two valves in the RL10 oxidizer
flow system: the inlet shutoff valve and the oxidizer control valve.
Oxidizer valves used on the flox/methane engines were assemblies that
had previously been modified for fluorine use and tested in the Contract
NASw-754 hydrogen/fluorine propulsion system research program (Ref-
erence 4). Before being used on flox/methane engines, they were rebuilt,
and those additional modifications deemed advisable based on the pre-
vious experience were incorporated. During the initial engine demonstra-
tion tests, minor changes were made to the oxidizer control valve to pro-
vide an altered starting transient. However, because of the discovery of a
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serious problem of coolant tlow slowdown during the start transient,
changes in scheduling that were not within the capability of the valve were
required, and it was necessary to substitute a more extensively modified
version that provided a scheduled opening,.

I. INLET SHUTOFF I'ALVE

The oxidizer inlet shutoff valve is a normally closed, ball-type
valve that is actuated by helium pressure through a spring-loaded piston.
Linear motion of the actuating piston is changed to rotary motion by a
rack and pinion arrangement to provide the required 90-degree ball ro-
tation (figure 56) . The valve mounts directly on the oxidizer pump inlet
flange, and its inlet flange is the engine-vehicle (engine-test stand) oxidizer
interface.

/-Fitting for Position Indicator

o~ Actuation Pressure
Port (For Ojening)

<

| »

Spring— . Actuator Piston

Bellows

] ~&—Supplemental
Actuation

Pressure Port
(For Closing)

Rack Guide Bearing
Figure 56. Oxidizer Inlet Valve Actuator FD 173094

a. Modifications for Fluorine Service

Prior to its use on fluorine/hydrogen engines, extensive changes were
made to the oxygen inlet valve design to achieve compatibility. These are
described in complete detail in R eference 4 and are summarized below:

1. Replacement of cast aluminum housings with machined parts to

avoid possible cleaning and porosity problems.

2. Substitution of soft aluminum seals for Teflon static semle

tween housing sections. . e
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Elimination of dry film lubricants on actuator parts. (The gear
and rack were gold plated to reduce friction: other parts were
used without coatings.)

Replacement of the three-ply actuator bellows with a single-ply
bellows to avoid possible contamination in the event of a bellows
ply failure. (The attachment of the actuator rod was also altered
to facilitate cleaning.)

Replacement of the Teflon dynamic ball seal with metal-to-metal
seals. The single Teflon seal in the standard valve was replaced
with two metal-to-metal seals, one at either end of the valve,
to assure zero through leakage. An overboard vent was provided
to relieve pressure between the seals. A cross section sketch com-
paring the revised seal arrangement with the original configura-
tion is presented in figure 57. Valve balls with slightly better than
usual sphericity tolerance (0.0003 inch as compared to 0.0005 inch)
were used to improve sealing with the nonresilient materials.

t———=~ Fluorine
Modification

\Clouin; Pressure Tap
for Fluorine Use

Fluorine Seal

Figure 57. Oxidizer Inlet Shutoff Valve FD 13722
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The performance of the modified valves in fluorine/hydrogen engine
testing was satistactory; however, some potential problem areas were
revealed. Therefore, during the process of refurbishing the valves for this
program, additional modifications were made to further improve them.
The initial modification, refurbishment, and incorporation of the later
changes were accomplished by the supplier of the original oxygen valves,
Parker Aircraft Company.

The changes incorporated during valve refurbishment for the flox/
methane engine are shown in the bottom view of figure 38; these included
(I) redesigned ball seals, (2) remachining of the body static seal grooves
to obtain sharp-edged interlocking serrations, and (3) redesigned inlet and
outlet flanges to include the ball seals, thereby eliminating two static seals.

The original design of the metal-to-metal seal shown in the top view
of figure 58 featured a bellows-loaded contoured nosepiece grooved to
achieve a labyrinth effect. The stationary nosepiece was stainless steel,
coated with gold to reduce friction and to provide a “soft” contact sur-
face. For the flox/methane engine, the ball seal configuration was changed
from a three land labyrinth seal to a single land seal because etching of
the ball had occurred in the areas under the labyrinth grooves after ex-
posure to fluorine. Apparently fluorine (liquid or gas) trapped in these
grooves was not removed by normal purging. The fluorine reacted slowly
with atmospheric moisture that leaked into the grooves, producing hydro-
fluoric acid that attacked (etched) the hardcoat surface of the aluminum
ball. The use of a single land seal facilitated purging and eliminated the
post-test etching problem.

Maodifications to the static seal grooves were made to reduce the diffi-
culties encountered in making the joints of the originally modified valves
leak tight. As can be seen in figure 58, square-edged serrations had been
provided in areas where soft aluminum gaskets were used. To maintain a
flightweight configuration to the greatest possible extent, the bolt load-
ings of the original design had been maintained in the modified design.
Unfortunately, the loading was not adequate to prevent delayed leakage
characteristics resulting from continued creep of the aluminum gaskets.
With comparable bolt loadings, the sharp-edged interlocking serrations
incorporated for this program increased the unit load on the gaskets, per-
mitting greater initial plastic deformation and thereby decreasing the
tendency for gasket creep.
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b. Test Experience
(hy  Component Testing

Three valves were refurbished to meet the combined requirements of
hoth this program and a concurrent fluorine hydrogen engine demonstra-
tion conducted under Contract NAS3-7991 (Reference 10y, Because the
same facility was used for testing of engines in botk programs, conflicts of
usage requirements were avoided, and it was possible to schedule valve
assignments so as always to meet engine demands while maintaining an
available backup unit.

Upon receipt from the supplier, the refurbished valves were subjected
to standard RL.10 leakage and response tests. The results are presented in
tables XIV and XV. In bench tests, gaseous helium was supplied to the
valve inlet port at the maximum specification working pressure of 130 psia,
and leakage was measured (by water displacement for a 13-minute period)
at the vent and discharge ports. Tests were conducted with the valve at
ambient temperature and at 140°F (submerged in liquid nitrogen). Table
X1V shows that zero through leakage was demonstrated in the closed posi-
tion by ali valves at both test temperatures. The specification limit for
through leakage in the RL10 Bill-of-Material valve is 1500 std cc of helium
per minute through the single seal; however, much lower values are usually
demonstrated. For the modified valves, the leakage values shown repre-
sent the leakage of a single seal for the closed position and the leakage
of two seals for the open position. The measured leakage of the modified
valves was less than the specification limit under all conditions.

TABLE XIV. TEST RESULTS FOR MODIFIED OXIDIZER
INLET SHUTOFF VALVES

Helium Leakage, std cc/min

Valve Valve $/N C41Y018  S/N C41Y0l4 /N C41Y0I5
Position Temperature

Through Vent Through Vent Throvgh Vemt

Closed Ambient 0 32 0 16 0 82

140°R 0 267 0 130 o 210

Open Ambient - 750 - 27138 - 190

140°R - 1000 - 595 - 200

Two of the valves were subjected to response tests at both ambient
and liquid nitrogen temperatures; the third valve was tested only at LN,
temperature. The tests were made at inlet pressures up to the maximum
working pressure (130 psia). Measured response times (in milliseconds)
are given in Table XV. In instances where tests were made at both temper-
atures, ambient response was equal to, or better than, the reduced temper-
ature response; however, acceptable actuation was demonstrated under
all conditions. :
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TABLE XV. OXIDIZER SHUTOFF VALVE RESPONSE

Valve Valve Valve Valve Response
S/N Position Temperature Time, ms
CH1Y013 Opening Ambient 95 = 10
Closing 1+ 5
Opening 140°R 186 == 10
Closing 123 L+ 56
C41Y014 Opening Ambient 122 = 5
Closing 77 £ 5
Opening 140°R 125 == 10
Closing 125 = 10
C41Y015 Opening Ambient —
Closing -
Opcening 140°R 100 = 10
Closing 95 = 10

(2) Operation During Engine Tests

Of the three valves that were refurbished, only one was required for
the flox/methane engine testing. All flox/methane engine tests were ac-
complished with the same inlet valve, S/N C41Y013. The valve was cleaned,
detail passivated, final-assembled, and assembly-passivaied prior to use on
the engine, but was not subjected to liquid fluorine flow tests.* One in-
cident marred the otherwise satisfactory performance of the valve. On the
first engine firing (Test No. E-1), the valve did not close for a period of
50 seconds after the helium supply was vented at engine shutdown.

Bench tests of the valve after removal from the engine rev-aled that
it operated somewhat erratically, and minor etching of the ball flow
passage by acid reaction was observed. This indicated the presence of
moisture, and other indications of moisture within the system were found.
To check the possibility that moisture caused the problem, the valve was
dried in a vacuum oven, after which it operated normally and was con-
sidered satisfactory for use on other engine assemblies. The continuous
gascous nitrogen purges used to prevent system contamination had a mois-
ture content below 1 ppm for at least 48 hours preceding the test; there-
fore, the source of the moisture was not determined. In later tests, higher
purge flowrates were maintained, and the moisture problem did not recur.
To provide assurance that the valve would close without difficulty, a
positive closing pressure was supplied to the supplemental helium actuation
pressure port (figure 56) in the same manner as for units used in fluo-
rine/hydrogen RL10A-1 engine firings (Reference 4). Helium pressure
was maintained at this port for 500 ms after venting the main actuation

® The integrity of the modified valve design hed been proved in liquid fluorine flow
testing under Contract NASw-75¢ (Reference 4); therefore, duplication of that testing
was not considered necessary.
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pressure port. This provided a sustained positive pressure tor valve closure,
and no difficulties were encountered during the remaining tests.

2. OXIDIZER CONTROL VALVE
a. Valve Description

The RLI10 oxidizer flow control valve is a spring-loaded poppet-type
valve that schedules oxidizer flow during the starting transient and also
contains an adjustment to set mixture ratio during steady-state operation.
The oxidizer starting flow scheduling includes an initial low volume tlow
for pump temperature conditioning followed by a declayed. but rapid,
transition to full flow When full oxidizer flow starts. rapid increases in
chamber pressure occur. These produce increases in turbine back pres-
sure and in required turbine power. Sequencing of the oxidizer flow transi-
tion is therefore important in the RL10 because, if the changes occur at
a point where the excess power available for acceleration is no. 1dequate,
the engine cycle will not bootstrap.

Two configurations of the oxidizer flow control valve were used in
tlox/methane engine tests: a Bill-ot-Material valve modified to obtain
fluorine compatibility and a highly modified scheduled opening version
that provided a more gradual transition flow. The major components of
these two valves are compared in figure 59.

N /- Adjyustment

Fised
Orifice

- r 1 v 'u

(¥ \-V.In Siep Actusting n-u-’ L Adjustmont Stop
Bieed Purt
Schoduied Oponing Valve
Figure 59. Modified Oxidizer Flow Control Valves FD 184124
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(1) Bill-of-Material Valve

The operation of the fluorine modified Bill-of-Material valve can
best be explained by reference to the top sketch in figure 59. The main
flow piston is spring-loaded in the closed position, and a bypass around
the main piston permits an initial low oxidizer flowrate to precool the
pump and to provide heating for cycle acceleration. During engine start,
the piston remains in the closed position until oxidizer pump pressure rise
increases to a level where the pressure differential acting on it overcomes
the spring preload. At that point, the piston starts to move to the open
position, and oxidizer flow to the thrust chamber is increased. The transi-
tion from bypass to main flow is very rapid because the axial travel of the
piston is small. The piston traverses from the closed to the open position
with a 60-psi increase in oxidizer pump pressure rise. Sensitivity to pump
pressure rise rather than discharge pressure is achieved by venting the cavity
behind the piston to the oxidizer pump inlet. Maximum travel is limited
by an adjustable stop. This stop is normally adjusted and locked during
acceptance tests; however, during the flox/methane engine tests an electro-
mechanical drive was used to permit mixture ratio variations.

Very few changes to the Bill-of-Material oxidizer flow control valve
were necessary to achieve tluorine compatibility. All basic valve parts are
stainless steel and the main housing sections are assembled using silver
braze. Thus, all these items were retained without alteration. In the oxygen
version, the main flow and starting flow pistons are Teflon coated to
reduce friction, and a Teflon piston ring is used to reduce leakage around
the main piston. Chrome plate was substituted for the Teflon coatings,
and the piston ring was changed to beryllium copper. The only other
change was to replace the existing spring with one having a higher rate.
This was done to obtain greater preloads so that the opening point of the
piston could be delayed.

(2) SCHEDULED OPENING VALVE

As discussed in Section III, engine test experience with the modified
Bill-of-Material valve showed that a more gradual transition from bypass
to full flow would be desirable. A similar requirement had been recognized
for fluorine/hydrogen modified RL10A3-3 engines being evaluated under
a concurrent program (Contract NAS3-7991), and valve modifications to
effect scheduled opening were made as part of that effort.

A scheduled opening valve from the fluorine/hydrogen program was
made available for the flox/methane engine to expedite engine testing.
Operation of the scheduled opening valve is similar to that of the modified
Bill-of-Material valve, but the starting flow piston is eliminated, and the
main flow piston is in the form of a ported sleeve. Bypass flow is provided
thro'igh a series of bleed ports in the main piston. (See tigure 59.) The
piston: actuating force is provided by the differential between the oxidizer
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pump discharge pressure acting on the front side ot the actuating picton
and the oxidizer pump inler pressure acting on the rear side. The axial
travel of the piston is significantly longer than the Bill-of-Material valve,
and a 300-psi change in pump pressure rise is required to make the piston
traverse the full span. The sleeve ports are configured to provide a linear
increase in oxidizer flowrate with piston movement.

b. Preparation
() Modified Bill-of-Material Valve

The mddified Bill-of-Material valve was accepted for use on the flox/
methane engine without change. It was calibrated with LN, and cleaned
and fluorine-passivated for service in liquid flox. The LN, calibration of
flow resistance at different piston stop settings is shown in figure 60. This
calibration provided data to establish the initial setting of the piston stop
for engine testing. No changes were made until, as discussed in Section
111, data from the engine tests indicated the desirability of changes in the
bypass flowrate and the poppet cracking pressure for engine test No. E-2.
These were minor changes and required only alterations in the bypass
orifice size and the piston spring preload.

(2) Scheduled Opening Valve

The scheduled opening valve had been used in fluorine/hydrogen
tests of a modified RL.1I0A3-3 engine after flow calibration in liquid nitro-
gen, cleaning, and fluorine passivation. It was therefore accepted for use
on the flox/methane engine without further preparation. Figure 61 shows
the valve flow resistance-piston stop calibration for this valve. Two curves
are shown; one based on LN, bench calibrations, and the other based on
fluorine/hydrogen engine test data. The difference in the two calibra-
tions is probably due to differences in instrumentation locations during
the bench tests and the engine tests; however, with the Biil-of-Material
valves, the bench calibration data usually corroborate the engine data.
The calibration based on the engine tests was considered to be rep-
resentative of installed performance and was used to determine the initial
flox/methane engine settings.
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«. Test Experience
(1) Modified Bill-of-Material Valve

The modified Bill-of-Material valve was used in three flox/mcthane
engine tests for a total of 65.5 seconds. No problems were encountered
with valve integrity, and its function was as expected. It was removed
from the engine only after test experience demonstrated that characteristics
different from those that the valve could provide were required for satis-
factory engine starting.

(2) Scheduled Opening Valve

The sc-ica1led opening valve was used in Build 4 of Engine FX-153,
which was subjected to 6 firings for a total of 120.2 seconds. The integrity
of the part was completely satisfactory but one operational problem was
encountered.

It was recognized that a high differential pressure (approxinately 360
psi) across the actuating piston would be required to seat the sleeve of the
scheduled opening valve. Cycle analysis showed that, at some mixtuse
ratios, the estimated oxidizer pump differential pressure was less than that
required for seating the valve. (Refer to Appendix C.) Howevcr, because
a high spring rate was desirable to slow the chamber pressure ramp it was
decided not to alter the spring supplied with the valve, and additional
pressure differential was attained by venting the reference cavity to a low
pressure ejector system rather than to normal pump inlet pressure. Cycle
analysis indicated that with 10-psia ejector pressure, the oxidizer pump
discharge pressure - ejector pressure differential would be sufficient to seat
the valve at mixture ratios above 4.5.

During the first engine test with the scheduled opening valve, tes:
No. E-4, a slight delay in opening was noted. This delay was attributed to
limited ejector system capacity, which prevented the reference cavity from
being pumped-down at a satisfactory rate. In subsequent tests, the reference
cavity was vented to the exhaust diffuser system which provided increased
pumping capacity. This change did not substantially improve the valve
response and it was ultimately determined that the slow decay of the
cavity pressure was caused by restrictions at the reference cavity vent. All
other aspects of the valve’s operation were normal as indicated in the test

discussions presented in Appendix D.
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PRECEDING PAGE %ﬁ;ﬂﬁmkﬂy_mgg
TEST FACILITIES AND PROPELLANT HANDLING

A. TEST FACILITIES

Experimental testing in the Flox/Methane Pump-Fed Engine Study
was conducted at Pratt & Whitney Aircraft’s Florida Research and Develop-
ment Center and at NASA Lewis Research Center’s Plumbrook Station.
Firing tests, including pressure-fed uncooled sea level and cooled altitude
thrust chamber tests, and pump-fed engine tests, were conducted at the
Florida Research and Development Center, as was the single seal rig test
that was made. Tests of liquid flox pumps were made at NASA’s Plumbrook
Station.

1. FLORIDA RESEARCH AND DEVELOPMENT CENTER
a. Liquid Propellant Research Facility
(1) General

The Liquid Propellant Research Facility (LPRF) is used for all testing
operations at the Florida Research and Development Center requiring sig-
nificant quantities of liquid fluorine or flox. The LPRF (figure 62) has
four separate horizontal firing bays for 1000-, 5000-, 15,000-, and 50,000-1b
thrust, a component test loop, and an injector water flow calibration bench.
(See figure 63.) The 5000- and 15,000-1b thrust bays are connected to a
continuous steam-driven ejector system for altitude simulation. Supersonic
exhaust diffusers located at the two firing positions expel the combustion
products into a common crossover duct. After leaving the crossover duct
the gases are cooled in a tube-in-shell water-cooled heat exchanger and then
pumped through two-stages of steam ejectors. Combustion products are
passed through a scrubber-condenser that condenses the steam and removes
all but trace concentrations of hydrogen fluoride before they are discharged
to the atmosphere. The capability of the ejector system to maintain exhaust
pressure below 1.5 psia during hot testing assured full expansion in the
15,000-1b thrust cooled chambers used in the program.
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Figure 63. Liquid Propeliant Research Facility Schematic FD 12808C

(2) Propellant Supply System

All flox/methane thrust chamber and engine tests conducted under
the program were made in the 15,000-1b firing bay; however, four different
flow configurations were used in performing the tests.

(4) UNCOOLED PRESSURE-FED THRUST CHAMBERS

The propellant flow path for uncooled pressure-fed sea level thrust
chamber tests is shown in figure 64. Ambient temperature gaseous wmethane
was supplied from a 700-gallon high pressure run tank. Because chamber
heat transfer considerations limited the run duration to four seconds, a
continuous pressurizing system was not required and the tank served as a
fixed volume blowdown system. Fuel flowrate was controlled by a single
servo-operated control valve; a flow orifice and a choked venturi were used
to provide redundant flowrate measurements. Liquid flox was supplied
from a 300-gallon, 5000-psi tank through a liquid-nitrogen-jacketed run line
with a flow nozzle and a cavitating venturi for measurement, and a single
servo-operated valve for control.
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(B) PRESSURE-FED COOLED THRUST CHAMBERS

Two types of pressure-fed cooled thrust chamber tests were conducted;
separately cooled tests and supplemental cooled tests. In separately cooled
tests, liquid methane for jacket cooling and gaseous methane for injection
and combustion were supplied from separate sources. During supplemental
cooled tests, liquid methane was supplied to the cooling jacket at a flowrate
greater than that required for regenerative cooling and the desired flowrate
of gaseous methane for the injector was tapped off at the jacket discharge.
The flow schematics for these systems are shown in figures 65 and 66. They
both permitted overcooling of the thrust chamber.

For cooled thrust chamber testing, liquid flox was supplied from the
same system used for the uncooled tests. Liquid methane was supplied from
a 700-gallon vacuum jacketed tank; the tank was pressurized with gaseous
hydrogen and a single servo-operated valve was used for flow control. A
turbine meter was used for liquid methane flow measurement in both types
of tests. In the supplemental cooled tests, two servo-operated control valves
were used; one maintained the discharge pressure, the other regulated the
amount of fuel tapped off to supply the injector. As shown in figure 66,
redundant instrumentation was used to measure the dump flow and the
injector flow. For the separately cooled tests, ambient temperature gaseous
methane was supplied from a 1300 gallon, 5000 psi run tank. Because the
chamber was actively cooled, longer run durations than for the uncooled
tests were planned, and high pressure roadable tube trailers were used to
supply gaseous methane to the 1300 gallon tank. A single servo-operated
control valve was provided in the coolant discharge line to maintain jacket
exit pressure.

(C) ENGINES

A schematic of the facility propellant supply configuration used during
engine tests is shown in figure 67. Because of the large volume-low inlet
pressure requirements, propellants for the engine tests were supplied from
roadable Dewars. The fuel was supplied from a 5000 gallon, 70 psia
vacuum-jacketed vessel through a vacuum jacketed run line. Liquid flox
was supplied from a 500-gallon, 150-psia roadable Dewar connected to a
liquid-nitrogen-jacketed line.
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(3) Test Stand Controls

An automatic closed oop control system consisting of an analog com-
puter, digital sequencer, and the stand mounted electrohydraulic valves was
available for control of test firing events when required. Figure 68 is a
partial view of the LPRF control room showing the analog computer. The
sequencer has capabilities for sequencing operation of up to 40 relay
channels in 1-millisecond increments over a time interval of 2000 seconds.
This system was used to interrogate designated parameters at specific time
intervals to provide a go/no-go indication for the test either to proceed or
advance to a sequenced shutdown. Analog control of .up to ten functions
using various control references such as flowrate, chamber pressure, mixture

ratio, etc. v.as possible with the computer.

Figure 68. LPRF Control Room FD 19756

Control sequencing for each of the various types of tests was established
during cold flow tests using the actual fuel (methane), but with liquid
nitrogen substituted for the oxidizer. For uncooled sea level tests, the
control sequence started with position control opening ramps of both the
fuel and oxidizer valves using a timing sequence which provided simul-
taneous increases in the fuel and oxidizer pressures in the injector manifolds.
Both valves remained in the open position until a flow of liquid oxidizer was
established at the injector. At this time they were switched to a flow control
mode. The inirtial position control mode was used in order to eliminate
upsets that would be encountered in a flow control mode as the injector
cooled down and the flow changed from gaseous to liquid phase.
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In cooled pressure-fed thrust chamber tests, jacket coolant flow was
established at the steady-state level before propellants were supplied to the
injector. Cold flow tests were conducted with the objective of determining
a sequence that waild initiate injector flow after stable coolant flow was
attained, but before the cooling jacket containe ' a significant amount of
liquid. The avoidance of a significant amount of liquid was necessary to min-
imize the reduction or hesitation of coolant flow encountered when the rap-
id application of heat flux produced a rapid expansion of the coolant within
the jacket. The coolant inlet valve was operated to control flowrate auto-
matically and the coolant discharge valve was operated to maintain jacket
exit pressure at a preset level automatically. In supplementary cooled tests,
the injector fuel valve received its flow from the jacket discharge line,
which was being controlled at a constant pressure. Therefore, it was possible
to operate this valve in the same manner as if the fuel were suppli:d from a
constant pressure tank. The injector propellant control scheme used for
cooied tests was almost identical to that described for the uncooled tests.

For engine tests all control functions were accomplished by the engine
contrcl systemn. The test stand sequencer system was used only to schedule
the actuation of the engine solenoid valves and to provide automatic
go, ne-go interrogations of critical parameters for safety shutdown systems.
Mixture ratio and chamber pressure excursions were manually controlled
from the control room using electro-mechanical drives to adjust the settings
of the engine controls.

The go/r.o-gc interrogations consisted of either crntinuous or intermit-
tent sampling of critical parameters to determine if the test could be con-
tinued safely or if it should be advanced to shutdown. These checks,
examples of ‘hich arc given below, are used on al' firi.., tests to assure
safety on the -est stand.

1. To verify ignition early in each test, the continuity of a weighted
wire hanging in the center of the exhaust nozzle was checked. The
time required for the wire to burn through was known and there-
fore provided a repeatable verification of timely ignition.

2. After stable operation had been attained, a continuous interroga-
tion was initiated to ensure that chamber pressure was above the
minimum level which would result if severe test rig damage or a
facility malfunction occurred.

3. Continuous monitoring of the elec.rical continuity of a leak detec-
tion system that was used to provide an instai.* indication of leaks
in the test stand or test rig fluorine plumbing. The system con-
s'sted of insulated wire wrapped around all lines and valves. If
fluorine leaked through to the wiring, it caused a reaction of the
insulation and either burn-through or shorting of the wire.
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4. For simulated altitude tests a check of maximum diffuser pressure
was used to ensure that the exhaust pressure did not exceed the
incipient separation level of the 40:1 area ratio nozzles (3 psia) .

(24

During the engine tests, a system was used to advance the test in
the event that turbine inlet temperatures exceeded 850°R.

A number of purges were used to prevent contamination of the test
article prior to test and to ensure clearing of propellants at shutdown. In
general, most purges were controlled by electrically or hydraulically actuated
valves that were sequenced off during the starting transient and were
opened as the run valves were closed. Maintaining a continuous flow
through the oxidizer injector to prevent aspiration of combustion products
into the oxidizer manifold was found to be critical, and therefore a different
purge method was employed at that location. A high flow helium purge
(regulator pressure set at approximately 609, of the steady-state manifold
pressure) was used. This purge remained on throughout the test and relied
on a redundant check valve system to prevent backflow. This approach
permitted continuous high volumetric purge flow through the oxidizer
injector during normal test transients and assured continuous readiness in
the event of unexpected emergency shutdowns.

(4) Data Acquisition

The LPRF central data acquisition system (figure 69) is capable of
recording the outputs of up to 135 measurement channels from either of the
four firing bays. Excellent recording accuracy and response are available
through a 100channel low-level input analog-to-digital converter. The
converter feeds a magnetic tape system at commutated rates up to 80 scans
per second for each of the entire 100 channels. This provides a data sample

from each channel every 0.0125 second.
High Speed Vibrations Tape Recorder

. Ay, .
Figure 69. LPRF Data Recording Equipment FD 197574
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The records from the digital recorder were used for performance
determination. Two 18 channel oscillographs and 14 chanunels of direct-
inking strip charts are also available and were used primarily for monitoring
during tests and analysis of transient behavior. A separate system including
amplifiers, transducers and a high-speed 14-track tape recorder provides
high-frequency data collection capability up to 20,000 cycles per second.

The locations of the instrumentation and the recording methods used
for each of the various test configurations are shown on figures 64 through
67. Figure 70 shows engine mounted instrumentation used 1n addition to
that shown on figure 67 for the supply system. Continuous remote test
observation was possible through the use of six closed-circuit television
channels with individual monitors; color film coverage was provided by
three high speed cameras.

b. Oxidizer Pump Seal Test Rig

The initial durability and leakage rate test of the flox seal package was
made using a liquid flox seal test rig fabricated and used previously for the
fluorine pump dynamic seal investigation conducted in the Contract NASw-

754 hydrogen-fluorine propulsion system research program (Reference A-1) -

The rig was identical in all respects to a modified oxidizer pump, except
that the impeller and inducer were eliminated and the forged housings
were simplified accordingly. A drive adapter used in place of the gearbox
housing acted as a mount between the pump and the drive unit and provided
rear shaft bearing support identical to that in the turbopump assembly.
The bearings were cooled by liquid nitrogen which was introduced at the
rear roller bearing and was routed to the ball bearing mounted behind the
pump dynamic seals. The schematic for the rig test arrangement is presented
in figure 71; it consisted of a liquid nitrogen container, in which the test rig
and a flox condensing coil were submerged, a 5hp motor, and a variable
speed drive.

A photograph of a test rig installed in the apparatus is presented in
figure 72. This semi-portable arrangement was installed in the pump test
position at the LPRF for the test. Gaseous flox was supplied, under pressure,
from a special portable fluorine evaporator. The flox had previously been
‘prepared in this container by evaporating liquid fluorine and liquid oxygen
separately and using the method of gaseous partial pressures to .stablish
the 82.6%, concentration in the container. Flox pressure at the seal was
controlled by a remotely operated valve in the gaseous flox supply line.
Seal leakage was calculated from the pressure decay rate of the flox in the
evaporator tubes.
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Burner

Pressure Control Valve Propane

Seal Vent

Vari-Drive
Unit
Seal Rig
Heat Exchanger
Figure 71. Flox Seal Test Schematic FD 73944

Figure 72. Liquid Flox Seal Test Apparatus FD 7393

2. FLOX PUMP TEST LOOP

Liquid flox pump tests were conducted at the “I” Site of the NASA
Lewis Research Center Plumbrook Station. The pressure and flow capa-
bilities of the system were suitable for testing of modified RL10 oxidizer
pumps, which made it possible to accomplish the pump testing required
for the program without constructing new facilities. The drive adapter
used in the seal rig tests was also used to mount the oxidizer pumps for
these tests.
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The propellant system of the facility is shown schematically in figure
73. It consists of a closed liquid fluorine loop incorporating the pump, a
liquid nitrogen heat exchanger, a liquid fluorine accumulator, and necessary
shutoff and control valves. Liquid nitrogen troughs are provided to cool all
horizontal runs of fluorine piping.

The closed loop has the advantage of permitting pump tests to be
accomplished with a minimum amount of liquid fluorine or flox. The total
capacity of the system is approximately 500 pounds.

Automatic closed loop controls available at the facility permitted
complete programing of pertinent pump parameters to obtain standard
pump performance data. Typical operation of the RLI10 oxidizer pump
included a controlled speed ramp to operating conditions and automatically
controlled flow excursions at constant controlled inlet total pressures. Tests
were limited to static pump inlet pressures at or above ambient pressure to
preclude the possibility of leakage into the system.

Helium and Fluorine
Gas Vent Shutoff Valve

i — <— Helium Pressurization

Liquid Fluorine Level Probe Gas
Fluorine Vent ;
Fluorine !
Nitrogen Vent Shutoff + I
Turbine Air Qut
Liquid Fluorine
Wet]  ump | —a— <— Turbine AirIn =57 /] Liquid Nitrogen
Heat Exchanger
Liquid Fluorine
Throttling Valve
Qutlet = Fluorine =
Fl_ow Venturi <— I _A
Fluorine Vent & — r:7 -~
A
VIO PTIN Y 1
/ % : f Liquid Fluorine
ﬁ ] Transfer Shutoff
% 600-1b Liquid : Valve Liquid Nitrogen
5 Fluorine Dewar - m Jacketed
" % ’
/ / -
I ITIITTT Y Helium Gas Purge
Figure 73. NASA Liquid Fluorine Pump Loop Facility FD 137244
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Data acquisition systems available to “I"" Site include a low-level input
analog-to-digital converter system with magnetic tape recording as well as
several types of direct inking recorders and oscillographs necessary for test
monitoring purposes. In testing of the RL10 oxidizer pump, all pertinent
parameters were monitored on low-speed recorders during the entire period
that flox was in the pump. The analog-to-digital data system was used only
periodically to obtain performance data at selected points.

B. PROPELLANT HANDLING
1. FLOX

As noted above, all large scale liquid fluorine and flox operations at
the Florida Research ana Development Center are conducted at the LPRF.
Handling of the propellants at the LPRF is accomplished remotely from
the control room, which is located about 300 feet east of the test stands.
Except for the supplier’s delivery vehicles, which are equipped with manual
valves, all fluorine systems are equipped with remotely operated valves.
Liquid fluorine and liquid flox are stored in roadable Dewars similar to the
delivery vessels, but equipped with remote-operated valves. The facility
itself is west of all other test facilities and takes advantage of the prevailing
casterly winds to carry fluorine vapors or reaction products away from
inhabited areas.

The oxidizer in this program was liquid flox with a nominal fluorine
concentration of 82.6 percent. The same procedures used for operation with
liquid fluorine were used in handling the flox mixtures.

Detailed descriptions of flucrine handling procedures used by Pratt &
Whitney Aircraft are presented in References A-1 and A-2. Rigorous stand-
aids of materials selection, fabrication, cleaning, passivation, and leak detec-
tion are followed for fluorine test facility design and operations. Metals of
proved compatibility and durability (such as nickel, aluminum, copper
and series 300 stainless steels) are used. During system design, mechanical
joints are eliminated and full penetration welds used wherever possible.
Facility valves are of the top-entry solid body type, having copper braid
rings and Teflon chevron stem packings arranged as shown in Figure 74.
Test stand fluorine systems are cleaned upon initial installation and after
modifications involving cutting and welding. Cle .ning is accomplished by
flushing the system with an acidic solvent followed by flushing with demin-
eralized water and vacuum drying, After cleaning, the system is passivated
using gaseous fluorinc at a pressure of approximately 200 psig. Mechani-
cally assembled subsystems and components, such as instrumentation trans-
ducers, are individually passivated before installation. Prior to the first
test of each series, the facility is passivated for 1 hour using gaseous fluorine
at 15 psig. During this passivation a complete sniff check is made on all
fluorine joints and valve stems.
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Teflon “V” Rings
Coppe Braid Packing

Packing Column
Retainer

Packing Column

Valve Body with Ends
Prepared for Welding

Figure 7+. Liquid Fluorine Facility Valve FD 25686

More than 288,000 pounds of liquid fluorine have been consumed at
thc LPRF in over 545 rocket chamber firings and in numerous valve and
pump seal tests. While there have been several incidents involving fluorine
leakage or reactions, there have been no serious personnel injuries and only
minimal facility damage has been encountered.

Liquid flox was prepared in a nitrogen-jacketed roadable dewar by
adding liquid oxygen and liquid fluorine while the dewar was mounted on
load cells. The weight of each constituent added was determined from total
dewar weight monitored and recorded in the control room. The concen-
tration established by weighing was then verified by chemical analyses.
Samples for analysis were taken after the entire flox batch was transferred
to the oxidizer run tank and recirculated back to the roadable vessel twice
to ensure a uniform mixture. Accurate samples were obtained by trapping
liquid flox in a nitrogen-jacketed chamber. After trapping the liquid
sample, the nitrogen flow to the jacket was secured, a valve to an evacuated
bottle was opened, and the sample was permitted to warm up and evaporate
until the system came to equilibrium.

Flox concentration of the vaporized sample was determined by labora-
tory analysis using the wet chemistry mercury absorption technique. This
method of analysis is one of the oldest direct techniques for the determina-
tion of fluorine concentration. It is based upon the rapid absorption of
fluorine gas by elemental mercury to reduce the pressure of a gaseous sample.
The quantity of fluorine absorbed is determined by measurement of the
pressure and volume of the sample before and after absorption.




The highly accurate mercury-ahsorption apparatus developed and used
at the Florida Research and Development Center is shown schematically in
tigure 75. It uses a fluorine compatible pressure transducer to automatically
record the pressure of the sample within a constant volume system. In
operation, a portion of the vaporized flox sample was transferred into the
€vacuated reaction chamber. The reference initia] pressure was established
at this point and the recorder was set ag 1007, A measured quantity of
mercury was then allowed to fiow iato the reaction chamber. The pressure
immediately decayed as the fluorine was absorbed by the mercury. A

Nitrogen, 20 paig  Vent

Figure 75. Schematic Diagram of Mercury Absorption Apparatus FD 19753
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A gas chromatograph system (Reference A-2) has been developed and
was operational during the latter phases of this program: however, it was
not used as a primary check of flox concentration because of the excellent
results obtained with the simpler mercury absorption system.

2. METHANE

Methane was purchased as both a gas in high pressure cylinders and as
a liquid in vacuum jacketed roadable dewars. Methane presented no un-
usual handling problems and was routinely handled using the methods
commorly used for flammable gases and cryogenic liquids.

Metuane is non-corrosive and almost any commercially available metal
can be used. In the systems used by Pratt & Whitney Aircraft, the most
common materials were stainless steel and copper for containers and lines,
and soft aluminum or Teflon coated stainless steel in seals. Some non-
metallic materials can be uscd in methane depending on the use and required
length of service; however, methane is a strong solvent and non-metailic
materials are usually deteriorated by the solvent action.

C. REFERENCES

A-l. “Research on A Hydrogen-Fluorine Propulsion System — Final Re-
port,” Pratt & Whitney Aircraft FR-1585, NASA CR-72074, Contract
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+2. “Investigation of Light Hydrocarbon Fuels With Fluorine-Oxygen
Mixture as Liquid Rocket Propellants — Final Report,” Pratt &
Whitney Aircraft FR-2227, NASA CR-72147, Contract NAS3-6296,
15 September 1967.
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APPENDIX B
DATA REDUCTION AND PERFORMANCE CALCULATIONS
A. DATA ACQUISITION

The low-level input digital recording system at the Liquid Propellant
Research Facility was used during tests to obtain magnetic tape records of
all measured parameters at a scanning interval of 0.0125 seconds. A high-
spced IBM System 360-Model 65 digital computer was used to reduce the
recorded data to engineering units and to calculate the time based averages
that are used for steady-state performance determination. ..Jaximum, mini-
mum, and 3o levels of the rerorded data within the period of the average
are printed out concurrently with the average to provide a convenicent
reference for critical review of parameter stability. Oscillograph, strip
chart, and scan-to-scan digital data are also reviewed to ensuvie parameter
stability.

B. PERFORMANCE ANALYSIS

Performance parameters not directly measured and the methods used
for their determination are described in the following paragraphs.

1. THRUST
a. Uncooled Thrust Chamber Test

Vacuum thrust for the uncooled thrust chambers tested at sea level
conditions was determined from measured thrust using the relation:

Fvnc = Fmou + PlAe (B'l)

b. Cooled Thrust Chamber and Engine Tests

The supersonic diffuser described in Appendix A was used to simulate
altitude conditions in all tests of the 40:1 expansion ratio cocled thrust
chambers. The altitude test thrust ch: -abers were mounted so that a portion
of the expansion nozzle projected into the diffuser (figure 76). A low
leakage slip seal was provided at the diffuser entrance to allow free axial
nozzle translation. In determining the vacuum thrust for tests in the altitude
system, the last term in equation (B-1) was modified to include the pressure
forces encountered, resulting in the expression:

Fuc = Fmo + PIAI + Pdlﬂ (A.-—A.) (B'2)

L

2:.‘:. Ae=1148.1in

Seal Ares, A, = 502.68 u.l
Figure 76. Schematic Diagram of Chamber-Diffuser Installation FD 25650
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2. THRUST CHAMBER THROAT TOTAL PRESSURE

Thrust chamber throat total pressure was determined by correcting
injecter face static pressure measurements for momentum losses. The mo-
mentum loss was determined for each data point using a stepwise procedure
programed for solution by digital computer.

To establish conditions at the initial station in the thrust chamber
(see figure 77) it was assumed that injected propellants were mixed but
unburned. The measured injector face static pressure and perfect gas
relationships were then used to detine propertics at this station.

\

—_ —_— _q‘__
/‘/
1
]Pc 1 X 2 3
Figure 77. Stations Used in Momentum Loss Calculation N 25687

In order to proceed from station 1 to station 2 where combustion is
assumed to be complete, Rayleigh flow relations were used because the
losses due to friction are negligible. The following relations hold between
station 1 and any station x:

anscrvation of mass:
w
£ = = B-3
Y PV, =PV, (B-3)
Conservation of momenium:

LR wV
+ 21l L BX (B-4)
1 Ag X Axg
Conservation of energy:

v ? v ?
hy+ g3t 9T Bt 7]

The properties of the reacting fluid at location x are found through the
simultaneous solution of the above three equations and the equations of
state (assuming chemical equilibrium at station x) :

P =p R (B-6)
Px - px Rx Tx (3'7)

P

(35)

e




Iterative calculations bhased on equations derived from the above, a
Mach number balance against total temperature ratio, and thermodynamic
properties following complete combustion were used to detcrmine the fluid
properties at each succeeding increment of xbetween stations 1 and 2. The
constant flow area requirement implicit in these relations was satisfied for
the converging RL.10 chamber contour through the division of axial length
between stations 1 and 2 into quarter inch increments for which the area
change was very small.

At station 2 combustion was assumed to be complete and the total
pressure at that point was determined. It is assumed that all combustion
occurs upstream of station 2 and, therefore, the combustion chamber throat
total pressure is identical to the station 2 total pressure.

3. PERFORMANCE PARAMETERS

Vacuuin thrust and combustion chamber throat total pressure (P,)
determined as outlined in paragraphs 1 and 2 above are used to calculate
the normal thrust chamber and engine performance parameters:

Vacuum Specific Impulse
F

1 = YaC (B8)
vac w_+w
o f
Characteristic Exhaust Velocity
P A g
ety ) =it (B9)
( C) v, W,
Vacuum Thrust Coefficient
F 1 g
c . vac_ _ _vac (B-10)
Fyac l’t At c*

For the low expansion ratio uncooled sea level tests, characteristic
exhaust velocity was also calculated from the measured thrust, using a
theoretical thrust coefficient (C’,,.) and a calculated stream thrust coeffi-
cient C,, which is equivalent to thrust coefficient efficiency when there are

no kinetic losses.
CT = __&aig_. (B-11)
F)” C_ C'Fvacwp
The stream thrust coefficient was calculated using the method of char-
acteristics and including the effects of wall friction (Reference B-1). For
the 15° half-angle area ratio of 3.266 nozzles used, the calculated value of
C, was 0.9758. Good correlation was obtained between c* values based
on thrust and chamber pressure, which confirmed the validity of the method
used to calculate throat total pressure, and thereby provided confidence

in altitude test results.
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4. PERFORMANCE EFFICIENCIES

Performuance efficiencies were determined using full shifting equilib-
rium performance values, calculated with thermochemical data published
by the Joint Army-Navy-Airforce (JANAF) Thermochemical Panel, as the
reterence Because propellant performance is a function of chamber
pressure, mixture ratio. and propellant inlet energy, bivariant curve fits
of the theoretical data were stored as permanent data in the computer
program employed for performance calculations.

Theoretical Vacuum Specitic Impulse

' = [Pk, r, Ahi] (B-12)

vac
and

Theoretical Characteristic Exhaust Velocity
LA i B-13
c £, [Pt, r,Ah1I (B-13)
Where Ahi was used to correct for the deviation of the actual inlet con-
ditions from the reference normal boiling point liquid inlet state. These

curve fits were then used to provide the theoretical performance for the
efficiency determinations:

Ideal Specific Impulse Efficiency

= ' -
nIvac Ivac/I vac (B-14)
Characteristic Exhaust Velocity Efficiency
Nex = % *!
“r) T Cele (B-15)
Nex = % %!
“m = Fwmle (B-16)
Vacuum Thrust Coefficient Efficiency
(B-17)
nc _ vac® c*! - nIvac
Fyac ~ | c* I' g Ne*

In calculating efficiencies, allowances for heat rejection to the thrust
chamber walls were made by applying suitable corrections to measured
performance values. The nature of tne required heat rejection correction
is dependent upon the cooling mode as described in the following paragraphs.

a. Regenerative Cooling (Engines and Pressure-Fed Thrust Chambers)

Specific impulse can be expressed as:

L - pe (B-18)
g
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where V is the propellant velocity at the nozzle exit, and the chamber,
nozzle steady-flow energy equation may be written as:

w h w 2

0o o, £ £., v, vV 2 B-19
—t 4+ ——42 g+ —Ri.p 4 RS B-19)
wp wp 2gJ pe 2gJ

For regenerative cooling the heat transferred from the combustion
products to the chamber walls is identical in magnitude to the heat gained
by the fuel in cooling the jacket and there is 10 net loss to the system, so
the value of the Q term in equation B-19 is zero, i.e., no correction is
required.

The expression for characteristic exhaust velocity may be written as:

gk R T (B-20)
\, Py P Py

The ratio of propellant specific heats (k) and the gas constant (R) are
weak functions of the propellant combustion temperature (T,) over the
heat rejection range of interest and can be assumed constant for a given mix-
ture ratio and chamber pressure. The combustion temperature is affected by
the temperature of the propellants at the injection point and therefore by
any heat transfer to the propellants within the system between the inlet
and the injector. There is no appreciable heat transfer to the oxidizer,
but there is significant heating of the fuel which is the jacket coolant.

Characteristic exhaust velocity is a parameter that is based upon com-
bustion product properties in the combustion chamber, i.e., the volume
between the injector and the throat. As in the discussion above for effects
on specific impulse, the heat transferred to the fuel coolant in the com-
bustion chamber (upstream of the throat) is equal to the heat lost by
the combustion gases, and there is no net effect of chamber heat transfer
on characteristic velocity. However, the heat transferred to the fuel in
cooling the expansion nozzle contributes to an increase in the inlet energy
state of the propellant that is not obtained within the limits of the com-
bustion chamber and therefore must be accounted for.

The change in combustion temperature resulting from heat addition
to the fuel may be represented as:

' Qﬂ B-21
TP'TP'R;T (3=1)

P
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where Q, is the heat transferred from the combustion products between
the throat and the nozzle exit. It was not always possible to instrument
chambers to determine coolant temperature rise at the throat, and therefore
the correction was calculated as a constant percent of the overall heat trans-
fer to the jacket. The percentage was based upon coolant temperature
profile data obtained in instrumented chambers used for the pressure-fed
chamber tests, which indicated that 80 percent of the ccolant enthalpy
change occurred between the coolant inlet manifold and the thrust chamber
throat. Thrust chambers used in the engine tests did not incorporate
enough instrumentation to provide an accurate de.ermination of the nozzle
heat transfer. The data does, however, tend to substantiate that obtained
in the pressure-fed tests.

Using the 809, value,

bg @h; ) (B-22)
Q = -0.8 -
P
and, combining equations (B-21) and (B-22)
0.8 4. (ah, ) (B-23)
L TR ) =
P P Wp P’p

Referring to equation (B-20), the corrected c* is then

c* = c* \/T' /T (B-24)
corr meas p P

or in a form more adaptable for calculations

c! B-25
o = ok corr ( )
corr meas c*!

Where c*’ is determined from the curve fit for c* (equation B-13) using
the standard inlet conditions (Ah, = 0) and c*’,,, is determined at standard
inlet conditions using Ah, = Q,.

b. Supplementary Cooled Pressure-Fed Thrust Chambers

For the overcooled mode, where a portion of the coolant is dumped
overboard (w,,,), the steady-flow energy equation as it applies to the entire
thrust chamber becomes

(he - % )h 2 2

. £ f v \' -
wcnhoi je jd ji Py Pe (B26)
—_ + - +Q+5——=nh +

wp wp 2gJ e 2gJ

where x'v,’c - Wy,, is the injector fuel flow. In this instance only the heat
transferred to the injector flow by the combustion gases is recovered as
energy in the injected propellants, i.e., there is a net Q loss equal to:

Q=w. |h, -h (B-27)
fjd I, 4




The value of specific impulse calculated from the chamber inlet condition
must be corrected for the heat lost in the dumped coolant. Again, the
correction was determined in practice by using curve fit reference theoretical
performance that accounted for heat rejection. The calculation was:
I 1
vac (B-28)
1 =1 corr
ac vac I '
corr meas vac

where the prime values were determined in the same manner as detailed
for the c* calculation.

Heat transfer elements to be considered for c* efficiency determination
in the overcooled mode include the energy picked up by the injected fuel
(x:r,k - w:r,m) in the nozzle, minus the energy transferred to that portion of
the chamber coolant flow which is dumped overboard, w,,. Considering
that 80 percent of heat transfer takes place between the coolant inlet and
the throat, it can be shown that:

. . Ah,
Q = '0.8 V'G + ‘:J
P P
and therefore: . )
P (Ahj ) . (Ahj )
T' =T -0.8 &jc(c s+ &Jd(c 5 (B-30)
P P p  Pp p  Pp

The corrected value of characteristic velocity is then calculated using equa-
tion B-25.

c. Separately Cooled Rigs

In the separately cooled pressure-fed rigs, gaseous injector fuel was
supplied from a separate source and all of the thrust chamber coolant was
dumped overboard. The increased energy of the gaseous fuel (from the
liquid base conditions) was accounted for in the reference performance
values through the curve fits depicted by equations B-12 and B-13. The
heat loss corrections to measured data were similar to those used for the
overcooled chambers. In the steady flow energy equation Q is the heat

transferred to the dumped coolant (per pound of propellant).

. w_h 2 2
% h £f'f v \'J (B-31)
L0, ._,._l +Q+ L . h  + -2&
wp Wp 2gJ pe 2gJ
w, ¢(h -=h )
Q- - jc 14 Ciq (B-32)

Again, as in the case of the overcooled chambers, the value of specific
impulse can be corrected for heat lost in the dumped coolant by using
equation B-28. :
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Also considering that 80 percent of the heat transfer occurs in the
nozzle, the value of heat transfer in the combustion chamber is

002 ch (hC‘ - hC . .) (B'Ss)
Q = jd ji
c w
p
The heat lost to the coolant reduces the combustion temperature, therefore
T'=T - .
o p Q./ (CP)p (B-34)

and the corrected value of characteristic velocity is calculated using the
method of equation B-25.
d. Uncooled Pressure-Fed Rigs

For the uncooled mode, the steady flow energy equation as it applies
to the entire thrust chamber becomes

v 2 v 2 (B-35)
_pi_ = e )
hp *ger T A=h 5T

i
where Q is the heat transferred from the combustion products to the heat

sink chamber /nozzle walls and therefore lost to the exhaust stream. Specific
impulse must be adjusted for the total flow of heat from the combustion
products to the chamber-nozzle walls, which was calculated using heat trans-
fer rates obtained from experimentally determined heat flux profiles.
Corrected specific impulse was then obtained using equation B-28.

The heat transferred to the chamber walls upstream of the throat
reduces the combustion temperature, and therefore must be accounted for
with a correction to c*. The heat transferred was calculated from the
experimental heat flux profile, and c* was corrected using equation B-25.

The use of a correction for thermal growth of the copper chambers
was considered. However at the heat flux levels measured in these tests,
the thermal growth of the 0.75 inch thick copper chambers during the
short duration firings was negligible and corrections were not necessary.

C. EXPERIMENTAL DATA ERROR ANALYSIS

To validate the experimental performance data, a statistical error
analysis wa: made for a typical engine demonstration test. These results
are also applicable to performance data obtained in injector/chamber rig
tests for which almost identical pressure, flowrate, and temperature instru-
mentation were used.

Estimates of performance data uncertainty were obtained by combining
the precision and bias estimates for the individual parameters using a
statistical variation analysis (Reference B-2). Basically, the precision error
of a function may be estimated by combining the precision errors of the
independent variables in that function in the following manner:
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i=1 i/
where:
S¢ = estimate of the precision error for the parameter
(would be l-o precision for infinite sample)
0% = the partial derivative of the function with respect to the
0% jth variable
S,, = the precision error estimate value associated with the

ith variable.

For example, in calculating characteristic exhaust velocity based on cham-
ber pressure
o - A 8P,
W
®) =

the precision error estimate, Sc# _, is given by:

Qc* 2 dc* 2
2 P 2 P 2
Sexp )" =\3a—) Ga) * \757. ) Gp)
I t t c c
dc* 2
Pc 2
> ) )
P P
where:
dc*
P - 8ope:
3"‘: wp
dc*
1’<: - Atgo
aPc wp
dck
P':: - At:gopc
ov_ . \2
P (wp)

The bias limit associated with each function is estimated from identical
equations, but substituting the bias limit of ecach parameter for the pre-
cision error. Using the methods suggested by the ICRPG Experimental
Measurements Committee (Reference B-3), the uncertainty of each parame-
ter was calculated from

U= = [B 4 2§]
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where B is the bias limir and &£ is the precision. The 2S value of the un-
certainty, U, indicates it 959 confidence interval estimate is used to
represent the precision p..tion of uncertainty. U therefore represents the
limits around the true val.i> beyond which no data would reasonably be
expected to fall.

The uncertainty estimates for the engine performance parameters are
given in table XVI. The uncertainty estimates presented are somewhat
pessimistic because. while they reflect the increased accuracy from redun-
dant measurements, they do not reflect the improvement obtained by time
averaging.

TABLE XV1. EXPERIMENTAL ERROR ANALYSIS-ENGINE
TEST NO. E-7

Parameter  Units Nom:inal Bias Limit Precision
(% of Nominal)25-95% Confidence Uncertainty
(% of Nominal) (% of Nominal)

P, lbjin? 238.4 0.150 0.500 0.650
F, b, 11764 0.121 0.249 0.370
w, b /sec 25.54 0.954 0.805 1.759
w, Ib_/sec 5.73 0.914 0.800 1714
w,  Ib, /sec 31.57 0.786 0.679 1470
we  Ibsec/lb 3763 0.804 0.716 1.580
¢ ft/sec 6670 0.856 1.004 1.860
Cy vac - .77 0.339 0.786 1125
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D. LIST OF SYMBOLS

Symbol

TIPpCYT ROV FTT IR TEONON00

Subscript
Symbo!

ch
corr

diff

Parameter

Area

Thrust Coefficient

Constant Pressure Specific Heat
Stream Thrust Coefficient
Characteristic Exhaust Velocity
Thrust

Function of —

Gravitational Constant (32.174)
Enthalpy

Specific Impulse

Energy Conversion Constant (778)
Specitic Heat Ratio

Pressure

Heat Added to Combustion Stream
Gas Constant

Mixture Ratio, W, /¢
Temperature

Velocity

Flowrate

Difference

Efficiency

Density

Ambient

Jacket Coolart

Chamber

Corrected for Heat Transfer
Dump

Diffuser

Exit

Thrust

Fuel

Units
in?
Btu/1b,-°R
ft/sec
1b,
1b,-ft/1b,sec?
Btu/1b,
Ibgsec/1b,,
ft-1b,/Btu
1b,/in?
Btu/lb,
fe-1b,/1b_-°R
°R
ft/sec

1b,, /sec
Percent
Ib, /fts




Subscript
Symbol (Continued)

i Inlet
j Cuoling Jacket
meas Measured

n Nozzle

0 Oxidizer

p Propellant Total
P,  Chamber Pressure
s Seal

t Throat Total

vac Vacuum

’ Theoretical

E. REFERENCES

B-1.

B-2.

B-3.

“Digital Computer Programs for Rocket Nozzle Design and Analysis
— Volume II — Bell Nozzle Design,” Pratt & Whitney Aircraft FR-1021,
prepared under Contract NAS9-2487, 26 June 1964.

Colbert, D. L., “Use of Partial Derivatives in Variation Analysis,”
Pratt & Whitney Aircraft FR-1993, 30 September 1966.
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APPENDIX C

ENGINE CYCLE ANALYSIS
A. INTRODUCTION

As noted in the introduction to this repart (Section II), studies were
conducted to establish the theoretical feasibility of operating a modified
RLI10A-1 engine with flox/methane before the contract program described
herein was undertaken. The results of those studies indicated that the
system would be power-limited to a maximum chamber pressure of 250
psia, and component modifications were made based on the assumption of
operation at that level. Before and during engine demonstration testing,
additional cycle studies were conducted, using experimental data that be-
came available, to establish details of the system. Such studies were made
for the initial build and final build of the engine and are presented here
for reference in the form of cycle balance sheets, or schematic diagrams
upon which the operating parameters for components and fluid conditions
at important points in the cycle are noted.

B. INITIAL ENGINE BUILD

Steady-state cycle balances for the initial engine build were completed
based on extrapolation of heat transfer da .« obtained in the limited pressure-
fed thrust chamber testing that was accomplished, fuel pump performance
cstimated from existing data for pump operation with hydrogen and
propane, and oxidizer pump data obtained in component tests. Various
combinations of component configurations were investigated, and a final
arrangement, selected to maximize excess turbine power (bypass flow)
while retaining system stability and providing flexibility for rebalancing
the cycle as additional data were acquired, was established.

The cycle balance sheet showing the pretest cycle balance for build
No. 1 of engine FX-153 is presented in figure 78. As discussed in Section V
of this report, because of the significantly lower head :ise requirements of
methane compared to hydrogen, reductions in either the fuel pump diameter
or speed were necessary. Some speed reductions were achieved through
the use of RL10A-4 gearing, which provided a 2.118:1 ratio iastead of the
2.5:1 ratio that is standard for the RL10A-1 engine. The rest of the head
rise reduction was achieved by reducing the impeller diameters.
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Because regenerative cooling with a bulk-boiling coolant creates a
potential for unstable operation, it was considered necessary to maintain
the methane in the cooling jacket above its critical pressure with a down-
stream restriction. The restriction could have been incorporated in the
Iststage turbine stator, but an orifice at the jacket discharge was used so
that the turbine inlet area could be maximized. This was done to increase
the mixture ratio range capability. Figure 79 shows that for an engine
trimmed for r — 5.75, as the mixture ratio is decreased the required fuel
pump discharge pressure increases. ‘This causes a decrease in the amount
of methane flow that may bypass the turbine or, as shown in figure 79, an
increase in the turbine-to-chamber flow ratio*. If the restriction were
obtained with a low fixed turbine area, the system would be powei-limited
at mixture ratios below 4.64. The point shown at a mixture ratio oi 4.5
indicates that by removing the orifice, the fuel pump discharge pressure
could be reduced by approximately 60 psia. This would then permit a
reduction of almost 49, in the required power and allow extension of the
lower operating mixture ratio limit without changes to the turbopump
assembly.

Data from cold flow tests of the first engine build with the cycle
showed ihat the modified pump would be operating in a regime of the
head/flow curve having a positive slope. As discussed in Section V, opera-
tion in such a regime is potentially unstable. Therefore, the engine system
was altered prior to the first firing by installing an orifice at the fuel pump
discharge. The cycle balance with the fuel pump orifice installed is shown
in figure 80.

* Although the curves of figure 79 were calculated for the case with the orifice in the
system, they would show essentially the same values if the turbine area were sized to
maintain the scme jacket pressure.

135




1.00

METHANE PUMP DISC

< /)
7%
<7 Jacket
T Discharge
g2 orifice
= a 0.95
> Removed
<
2.
= P with Jacket Discharge
©= 5 Orifice (Fixed Turbine Area)
g3
©
e O
2 N
&2
Z o .90
T oy
C o
=g
'3
= O
Z
= N
[ =
I~
E
0.85 b
A -~
0 T )
1100
3
@
o
1
=
=] 1000
A Jacket
E Discharge
- Orifice
g Removed With Jacket Discharge Orifice
< (Fixed Turbine Area)
- 900
. Design Foint = ;
Minimum Required to
Maintain Critical - 4
! Pressure in !
800 " i .Cooling Jacket
0 A - i e ad
L4 ‘ . \ ; : ‘
0 L4 5.0 5.5 . 1 6.00 i
- . _ CHAMBER MIXTURE RATIO, r @ | bl
Figure 79. Variation in Cycle Paramet  with Mixture Ratio DF 61661

136



£cosC dd

86711

~ozge__ ‘0
z'9y  dH
0L ‘U
%0 _:lv
goyot 4V
€166 ‘WY
dR0d ¥IZIAIXO

|

SL§=u ] 'ON ppng autduy iof souvpeg 219D pousy °0g dndiy

“31amodasaoy paiynbax dend 1223PIXO JO %S

*3uedaed Uy SITOGNIOIIFC TIV L
“9IjUn Youy U} SUOTITIWIP IV 9
“o98/q1 Uy $33wa MOY3 TIV °S

*4, U3 ssanymasdeel IV ‘¢
*wyed uy saanssead IV ¢

19807 13A0d9SIOY UINI) 196y °7

*(3u100d x0qiwal puw IBWNEIT G-AS PUP ‘9-AS ‘QT-AS SepNIOUY) d9s/ql 9Z°0 :sBwqwey [emg ‘i

.

FATVA_TOHINOD

W4IZ1A1X0
- dRnd ¥3Z101%0
6 051 *
€ vy ‘d
.0
9 0¢ 4
0 €ts1 &
005 ‘d

1vo Py
9-¢0T "r

—ar Y
—
e

_ -y ia
St
tvot -k
91 1V
v 198 -4V

m————.
(TR

Jnd TE0d

wsi0__ i

R

.,

137



C. FINAL ENGINE BUILD

Component head rise and efficiency data obtained during engine tests
E-1 through E-3 were used to recalculate a cycle balance for the final engine
build (build No. 4). However, during the first test of the build, the turbine
area increased because welds made to reduce the stator vane trailing edge
gap failed. Recalculated cycle balance points for the actual turbine area
and with a smaller fuel pump discharge orifice installed to compensate for
the area change (i.e., for tests No. E-7 through E-9, see Section III) are
presented in figures 81 through 83 for mixture ratios of 4.75, 5.25, and 5.75
at a chamber pressure of 250 psia. The componerits represznted in these
schematics were those used in the tests of (he final engine build. The high
fuel pump discharge restriction that was installed to compensate for the
turbine change caused a considerable incrc  in the required power. There-
fore, these balances are for a highly compromised engine configuration.

The cycle balance at a mixture ratio of 5.75 (figure 83) indicates that
a cooling jacket discharge pressure below the critical pressure of methane
(673 psia). As mentioned above, operation at subcritical coolant pressures
could result in unstable bulk boiling. The possibility of boiling instability
is avoided in this case because the jacket inlet pressure is above critical,
and the fuel is heated to above its critical temperature before the pressure
is reduced below the critical value. Because of the failure of the turbine
area modification, the jacket inlet pressure was below the critical value
for 9.2 seconds during test No. E-4. No signs of instability were found and
no chamber damage was noted after that test. Several other periods of
subcritical operation were encountered in tests No. E-7, E-8, and E-9 after
some chamber damage had previously been incurred. No signs of instability
were noted, but because of the damage existing at the beginning of those
tests, it cannot be determined whether any tube-to-tube fluctuations existed
that could have contributed to increasing the damage.

Figure 84 shows the maximum chamber pressure that could have been
achieved during build No. 4 if the turbine area had not increased and the
fuel pump discharge orifice had been left at the size originally installed
for dynamic stability purposes. The maximum chamber pressure limits
shown in figure 84 for mixture ratios below 5.0 are limited by cycle power
(zero turbine bypass flow). At higher mixture ratios, the maximum cham-
ber pressure is restricted by the 1100-psi burst strength of the second-stage
fuel pump housing. If this restriction were removed, sufficient cycle power
would be available to attain a chamber pressure of 297 psia at a mixture
of 5.75.
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APPENDIX D
TEST SUMMARY

This appendix is presented in two parts; part I which consists of tables
summarizing all important tests conducted during the program, and part
11, which provides a detailed history of engine system testing.

The tables in part I are arranged according to type of test as indicated
below. With the exception cf the oxidizer pump tests, all testing was
conducted at Pratt & Whitney Aircraft’s Fiorida Research and Develop-
ment Center. (See Appendix A.)

In part II, the engine system tests are discussed chronologically by
engine build. The presentation here is intended to supplement the engine
testing description given in Section I1I. Whereas results were summarized
for the earlier ¢_ction, the testing program is discussed in sufficient detail
in part II to explain the logic for, and limitations under which each of the
engine system changes were made.

PART | = TEST SUMMARIES

Table XVII.  Flox/Methane Uncooled Pressure-Fed Thrust Chamber
Tests

Table XVIII. Flox/Methane Cooled Pressure-Fed Thrust Chamber
Tests

Table XIX.  Flox/Methane Engine Demonstration Tests

Table XX. Oxidizer Pump and Seal Rig Tests (pump tests con-
ducted at “I” Site — Plumbrook Station, NASA Lewis
Research Center)
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TABLE XVII. FLOX/METHANE UNCOOLED PRESSURE-FED
THRUST CHAMBER TESTS

Test wo. Duration, Injector S/N Remarks
secC
1-LSL 2.5 HK 713 Satisfactory start transfent; ignition indicated within 50
msec: 1 sec of steady-state operating data obtained for
performance calculations.
2-LSL 1.95 HK 713 Satisfactory start transient; ignition indicated within 50
msec; test terminatcd after 1.95 sec due to reaction in
injector oxidizer manifold caused oy purge valve malfunction;
no steady-state data obtained.
3-LSL 2.5 HK 707 Srart transient unsatisfactory due to depletion of flox in
run tank; no ste:zly-state data obtained.
4=USL 2.5 HK 707 Satisfactory start transient; ignition indicated within "0
msec; approximately 1 sec of steady-state operating data
obtained for performance calculations.
5-USL 2.5 HY 707 Approximately 0.75 sec of steady-state operating data obtained
for performance calculations.
6-LSL 2.5 HK 707 Approximately 1.5 sec of steady-state operating data obtained
for performance calculations.
7-LSL 1.33 HK 707 Satisfactory start transient; test terminated after 1.33 sec
due to depletion of flox in supply tank; no steady~-state
data obtained.
8-USL 4.0 HK 707 Ignition within 50 msec; approximately 1.5 sec of steady-
state operating dats obtained for performance calculations.
9-LSL 4.0 HK 707 Approximately 2.75 sec of steady-state operating data
obtained for performance calculations.
10-USL 4.0 HK 707 Approximately 0.75 sec of steady-state operating data
cbeained for perfurmance calculations.
11-UsSL 4.0 HK 707 Approximately 2.9 sec of steady-state operating data
obtained for peciormance calculations.
12-USL 4.0 HK 707 Approximately 1.75 sec of steady-state opersting data
obtsined for performance calculations.
13-usL 4.0 HK 707 Approximately 2.25 sec of steady-state operstitg dats
obtained for performance calculations.
14-USL 4.0 1F 764 Approximately 1.25 sec of steady-state opersting dats
obtained for performance determinatiin; burning of oxidizer
spud tip on one outer rov element.
15-USL 4.0 1F 764 Approximately 0.5 sec of steady-state operaiing dsta
obtained for performance determination, nc additiospl spud
burning evident on damaged outer row spud. B
.
16-USL 4.0 1F 764 Approximately 1 sec of steady-atate operating data obtained
for periormance determination.
17-USL 4.0 1F 764 Approximately 1 “ec of steady--tate operating dats obtained
for performance deterr‘nation.
18-USL 4.0 1F 764 Approximstely 0.75 sec of steidy-state operating data
obtained for performsnce determination.
19=-USL 4.0 RY 14 Approximstely 0.75 sec of steady-state opersting dats
obtained for r .rformance determination; large number of
swirlers aissing and four oxidizer injection slemsnte burned
flush vith the oxidizer support plate; temporsry {njector
repairs sccomplist d on site.
20-USL 1.¢ xY 16 Satisfactory sterc transient; test terminated sfter 1.6 sec

oy flourine leak indicstion at injector beckplate; 0.25 sec
of steady-state opersting dats obtained for performence
determination.
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TABLE XVHI. FLOX/METHANE COOLED PRESSURE-FED
THRUST CHAMBER TESTS

Test  Test Cooling  Injector Chamber Remarks
No. Duration Mode $/N S/N
Seconds

I.CA 25 Supplemental IF 763-1 KD 115 Test terminated prematurely by
false signal from fluorine leak de-
tector system; damage occurred to
injector cuter row spuds and some
swirlers; silver braze in tube transi-
tion area of chamber slight washing.

2CA 5.7 Supplemental IF 763-1 KD 115 Test terminated prematurely by
low hydraulic pressure sensing sys-
tem; damage to injector spuds and
swirlers occurred in outer row;
many chamber tubes burned in
combustion area, apparently dur-
ing start transient.

3-CA 64 Separate  IF 763-2 HF 318 Start transient satisfactory; cooling
tubes failed in nozzle; some injector
spud tips eroded, but no swirlers
lost.
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TABLE XX. OXIDIZER PUMP AND SEAL RIG TESTS

Test Type of Rig
No. Test No.

SR-1 Seal Rig ——-—

P-1 Pump* C71Y002

P2  Pump®* C71Y002

P-3  Pump* C71Y001

* Pump tests conducted at “I" Site, NASA-Lewis Research Center Plumbrook Station.

Test
Duration
Min,

318

34.0

5.0

5.0

Remarks

Rig test to evaluate shaft seal material combina-
tions for use in the flox pump. Used Kentanium
K-162B nosepiece and mating ring for primary
seal. Secondary seal was Kentanium K-162B mat-
ing ring on a solid alumina split ring. Leakage
and wear rates satisfactory.

Pump checkout test. Primary seal mating ring
found to have thin radial crack, but seal per-
formance during test was consistent. Made four
flow excursions at rated speed (9950 rpm). All
data satisfactory.

Satisfactory checkout test of final pump config-
uration.

Satisfactory checkout test of backup pump.
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PART Il = ENGINE TEST HISTORY

The major occurrences during engine systems testing and the com-
ponent changes incorporated for the tests listed in table XIX are presented
below by engine build.

A. ENGINE BUILD NO. 1
1. BUILD SUMMARY

The .irst test of engine FX-153 was conducted primarily to check out
th¢ minor modifications made to the test facility to convert from pressure-
fed thrus: chamber testing to integrated engine system testing. During the
43.4-secund test (designated E-1), several important items were verified:

1. Sufficient starting power was available to provide rapid turbopump
acceleration.

2. The turbopump components operated very nearly as predicted.
3. The control system was adequate.

4. The purge procedures were adequate to prevent damage to the
injector swirlers.

Several prcblems that limited the duration of nominal chamber pressure
operation were encountered. Also, a malfunction of the oxidizer inlet
shutoff valve at shutdown resulted in severe damage to the chamber and
injector.

2. TEST HARDWARE

Modified RL10A-3 thrust chamber S/N JP 97 was used in build No. 1
of engine FX-153. As described in Section 1V, modifications to this chamber
included installation of cooling fins in the long tube transition region and
twisted copper inserts in the chamber region. The modified turbopump
and control components used are discussed in Sections V and VI, respec-
tively. Because test No. E-1 was primarily a facility checkout test, injector
S$/N IF 764, which was recognized as nonoptimum from a performance stand-
point, was used. This injector, previously used in tests No. 14-USL through
18-USL, incorporated thin stainless steel swirlers in the intermediate rows
of oxidizer elements. It was selected for the checkout engine to provide
a stringent check of swirler durability. Experience during the chamber/
injector pressure-fed rig tests had shown that the start and shutdown pro-
cedures required to prevent damage to this type swirler were more critical
than with the thick nickel swirlers that had been used in pressure-fed tests
before the engine was assembled.
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3. TEST DISCUSSION

Important occurrences in test No. E-1 can best be illustrated by refer-
ence to figure 85. Turbopump rotation started 1.3 sec after the main fuel
shutoff valve was opened; this was approximately 1 sec longer than in
hydrogen fueled RL10 engines. As the engine accelerated, the oxidizer
flowrate was restricted to a low value by the mixture ratio control valve;
when the oxidizer pump pressure rise reached 140 psi the poppet opened
and allowed full oxidizer flow. This point is shown by the rapid rise in
chamber pressure at 2.7 sec. The 1.4-sec interval between the start of rota-
tion and the opening of this valve was approximately 10 times that en-
countered in an oxygen-hydrogen RLI10 transient. However, the engine
did reach design speed, which proved that sufficient power was available
in the cycle.

Although the thrust control reset system reacted to limit the accel-
eration, the chamber pressure overshot to a peak value of 330 psia (at
approximately 3.3 sec). This overshoot was greater than normal and re-
flected an apparent slower reaction of the engine system with flox methane
than with oxygen/hydrogen. Also, the action of the thrust control bypass
piston indicated a tendency toward sticking. When the thrust control
acted, a slight overcorrection reduced the chamber pressure to 220 psia
(at 4.5 sec), followed by a slight overacceleration to 280 psia (at 4.9 sec).

The system appeared to be controlling at 260 psia chamber pressure
at 5.7 sec, when the oxidizer pump discharge pressure suddenly decreased
without a change in turbopump speed. When this occurred, the thrust
control sensed the lower chamber pressure and accelerated the turbopump
in an attempt to increase the flow. The oxidizer pump did not recover for
approximately 3 sec. During this time, the turbopump started to decelerate
and the system restabilized at 175 psia chamber pressure and a mixture
ratio of 3.0 for the remainder of the test. The extent of the speed reduction
was greater than could be expected from the increase in required power
as the oxidizer pump recovered; post-test data examination indicated a loss
of turbine flow when turbopump speed started to decrease.

The loss of turbine flow is indicative of leaks in the cooling tubes;
however it was impossible to recognize the occurrence of leaks while the
test was in progress. The exact time of failure was difficult to establish even
in post-test data analysis, because all conditions were transient up to the
time it occurred. The data indicated that some tube leakage was definitely
occurring as early as 8.0 sec.
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When test E-1 was terminated by the engineer in charge, the oxidizer
inlet shutoff valve failed to close for 50 sec after fuel shutoff. As a result,
approximately 10 gallons of flox were dumped into the hot chamber.
Motion picture coverage of the test was terminated approximately 20 sec
after shutdown, and up to that time no damage was visible; however,
extensive chamber and injector damage was found at post-test inspection.
The extent of the post-test damage prevented determination of the location
of the tube failures that occurred during the firing, but analysis of char-
acteristic velocity data showed that they were upstream of the throat. There
was no nozzle damage except at the bottom of the engine, where 1t was
obvious that there had been a stream of liquid oxidizer.

The adequacy of the injector purge sequence established for engine
testing was verified by the injector condition following the test. Although
the Rigimesh faceplate and oxidizer spudplate were severely damaged, all
but one of the oxidizer swirlers were intact. That one was located at the
bottom of the injector in a position where the whole spud and a portion of
the spudplate were damaged by reaction during the post-test oxidizer flow.

In the following paragraphs, each problem encountered in the test
is listed and its effect on the rest of the system is examined. System changes
made to prevent recurrence of the problems are also discussed.

a. Slow Turbopump Rotation

A delayed start in turbopump rotation is usually the result of high
static torque. As normal test procedure, the static torque is checked before
and after each test or cold flow. The pre- and post-test torques measured
for this test were within acceptable limits for RL10 engines and were very
close to those measured between cold flows. Because post-test checks of
the assembled turbopump revealed no irregularities, the most probable
explanation for the temporary high torque was that moisture in the system
had condensed and frozen during pump cooldown. Therefore, purge flow-
rates were increased for the next test. The explanation was not entirely
satisfactory because all systems were protected by continuous gaseous
nitrogen purges and, during the 48 hours preceding the test, the moisture
content of the purge gas was less than 1 ppm.

b. Slow Response to Thrust Control

Slow response to the thrust control which may have contributed to
the coolant tube damage was caused primarily by slower system response
than that of an oxygen/hydrogen RL10 engine. The thrust control piston
action was somewhat sluggish (as if it were sticking) but still within accept-
able oxygen/hydrogen RLIO limits. For the second engine build, the
thrust control sensitivity was increased by increasing the servo supply flow.
(Refer to Section VI for control description.)




¢. Thrust Chamber Damage

Coolant tube leakage started at some time during the first 8 seconds
of the test. The exact time of failure cannot be unequivocally established;
however, the sharp decrease in turbopump speed at 6.2 seconds could be
symptomatic of the onset. The jacket would have had to be relatively
intact for the fuel turbopump to reaccelerate as it did at 4.3 and 5.7 sec. It
was thus reasoned that the tubes were weakened or eroded during the early
portion of the transient, and that they failed during the last period of high
turbopump speed. Post-test chamber damage. resulting from flox introduc-
tion through the oxidizer valve that did not close, prevented identification
of the area in which the failure started, but it was encouraging to note that
all regions predicted to have low tube wall margins were relatively intact.

It was conjectured that the cause of failure was related to the sudden
expansion of the methane within the jacket during the first chamber
pressure spike. This expansion caused a temporary coolant flow slowdown,
thereby reducing cooling. Some extent of coolant flow slowdown is typical
of the RLI10 starting transient with hydrogen, and with methane the large
density change at vaporization (Reference D-1) increases the duration of the
effect. In test No. E-1, the problem was aggravated by the delay of turbo-
pump rotation, which increased the amount of high-density methane within
the jacket prior to start.

For the second test, oxidizer starting flow was increased to provide
more heat during start, thus reducing the amount of low-temperature
methane within the jacket. In addition, the oxidizer flow control valve
cracking pressure was increased. This was done to allow the fuel system to
reach a higher pressure before the high heat flux occurred.

d. Oxidizer Pump Head Reduction

The temporary decrease in oxidizer pump outlet pressure that started
at 5.7 sec was an effect resembling inlet cavitation. However the net
positive suction pressure at the time of the occurrence was 40 psi and satis-
factory operation of the pump at this level had been previously demon-
strated. The likelihood that the phenomenon was true cavitation was there-
fore small. Gas ingestion at the inlet could have caused the behavior noted,
and the inlet purge system or flox vaporization in the inlet instrumentation
taps would have been possible sources of gas. For later tests the purge
shutoff valves were moved closer to the engine to minimize the line volume
between them and the check valves at the engine connections, and the inlet
did not recur. -

e. Oxidizer Shutoff Valve
mmmuwmmumdummwmmmmm
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signal, although the helium pressure that actuates the valve was vented as
sequenced. In post-test bench tests, the valve demonstrated a tendency to
stick, but the resistance that caused sluggish action did not appear to be
enough to prevent closing. As in the case of the high static turbopump
torque, these factors indicated condensed moisture in the system; the
purge system was therefore modified. Also, a separate helium supply was
added to provide a positive closing pressure to the actuating bellows.

B. ENGINE BUILD NO, 2
1. BUILD SUMMARY

Engine FX-153 was assembled a second time using an optimized injector
and with all component modifications deemed necessary based on the results
of test No. E-1 incorporated. The test of build 2, No. E-2, was terminated
at 5.1 seconds when chamber pressure decreased below a level considered
reasonable. It was determined that the chamber pressure decrease was
caused by injector deterioration that resulted because of chamber damage.

2. TEST HARDWARE

The same control and turbopump components used in build 1 of
Engine FX-153 were used in build No. 2. The thrust chamber, S/N JP 88,
incorporated the same modifications as those of the chamber for the first
build, plus instrumentation consisting of twelve coolant bulk temperature
thermocouples. Details of instrumentation installation are discussed in
Section 1V.

Modified RL10A-3 injector S/N 3K 2945 was used in this build. The
modifications to this injector, detailed in Section IV, included installation
of thick nickel swirlers in all oxidizer elements and incorporation of a
reduced porosity (60 scfm) Rigimesh fuel faceplate with 0.012-inch

fuel gaps.

3. TEST DISCUSSION

The following discussion includes a review of the test occurrences and
the changes produced by the modifications made between tests. As in the
discussion of test No. E-1, reference to a time plot of the primary engine
parameters (figure 86) facilitates understanding of the important test
events.
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Turbopump rotation started at 0.9 seconds (compared to 1.3 seconds
for test No. E-1). The chamber pressure level resulting because of the in-
creased flox bypass flow was approximately 30 psi for the first 1.7 seconds,
with a gradual increase to 80 psi over the next 1.0 second. At 2.7 seconds,
there was a rapid chamber pressure increase as the oxidizer control valve
opened. Although the thrust control reset system reacted to control the
system overacceleration by opening the turbine bypass at 2.9 scconds (220
psia chamber pressure), chamber pressure peaked at 330 psia at 3.0 seconds.
The thrust control closed the turbine bypass at 3.7 seconds when the cham-
ber pressure had reduced to 230 psia. At this time the turbopump decelera-
tion had almost ceased but speed did not begin to increase for approximately
0.8 second. The limited response to thrust control action indicated that
some chamber tube damage had occurred by 3.7 seconds and that fuel was
being diverted into the chamber from the jacket, and not reaching the
turbine. Post test chamber inspection revealed that approximately 609,
of the tubes were burned in the chamber area. Analysis of the conditions
occurring in the chamber established that the failure resulted from the
reduced coolant velocities during the coolant slowdown.

At 4.5 seconds the pump reaccelerated. An apparent increase in fuel
flow area at this time reflected initiation of injector damage. The fuel
flow area change was followed by an increase in the oxidizer area, and from
this sey:ence it was surmised that the injector failure mode was oxidizer
spud erosion. The rapid spud erosion was most probably the result of
reduced cooling because a large portion of the fuel was leaking through
damaged chamber tubes, and low flow, coupled with high methane tem-
peratures, did not provide adequate injector cooling. At the time of failure,
the injector mixture ratio was 6.58 and the methane temperature was 800°R.

4. RESULTS OF SYSTEM CONTROL CHANGES
a. Increased Oxidizer Starting Flow

After test No. E-1, the oxidizer control valve was modified to increase
the starting flowrate. This was done to increase the heat transfer during
the acceleration period, so that the coolant flow slowdawn, which occurred
at the point of rapid chamber pressure increase, would be diminished. The
increased bypass flow did increase the chamber pressure during this period
(30 psia compared to 15 psia), but the accompanying heat transfer increase
was insufficient to reduce the coolant slowdown. One of the most important
differences created by this change was a decrease in oxidizer system cool-
down time. The greater starting flowrate promoted more rapid cooldown
and caused liquid flox to reach the injector before the oxidizer control
valve opened. At the low oxidizer volumetric flowrate, injector differential
pressure was at a low value and, while the low differential pressure did not
cause any problem duving this test, it was a potentially dangerous candition
in that methane or products of combustion could have been aspirated into
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the oxidizer cavity. For the third engine build the bypass flowrate was
reduced to the level used in the first test.

b. Increased Oxidizer Control Valve Cracking Pressure

For the first test the oxidizer control valve poppet was set (o open at
an oxidizer pump differential pressure of 140 psi. This was increased to
190 psi for the second test so that the fuzl system would be at a higher
pressure when the main oxidizer flow started. This change produced the
desired result and also appeared to slow the transition from bypass to main
oxidizer flow. This delay was desirable to reduce the coolunt slowdown
caused by a rapid change in heat flux, and the higher cracking pressure
value was retained for the next test.

c. Thrust Control Servo Flow Increase

The thrust control servo supply and body vent orifice sizes were in-
creased to increase the servo supply flowrate and thereby improve control
sensitivity. This modification produced the desired result as evidenced by
the reduced chamber pressure undershoot in test No. E-2. The thrust
control was left in this configuration.

C. ENGINE BUILD NO. 3
1. BUILD SUMMARY

Review of transient data from the first two firings showed that the
secondary slowdown caused by thrust control action was largely responsible
for chamber damage. Therefore, the starting sequence was modified for
test No. E-3 to maintain the thrust control bypass open and the control
locked out of the loop until the turbopump had accelerated and steady-
state conditions were attained. This control scheme worked essentially as
expectcd and the system accelerated to the predicted chamber pressure of
approximately 230 psia with minimum overshoot. Unfortunately, other
changes occurred which produced an even more severe coolant slowdown
than previously encountered. The resulting coolant slowdown resulted in
chamber damage which limited the steadystaic chamber pressure and
mixture ratio, and the test was manually terminated after 17 seconds.

2. TEST HARDWARE

With the exception of the oxidizer pump, thrust chamber, and injector,
all components used on engine FX-158 for test No. E-3 were the same as
those used for the previous two tests. Oxidizer pump S/N C71Y002, which
was previously used, was replaced with an identical wnit, S/N C71Y001L,
because during the storsge period between engine builds a small crack
developed in its secondary flox se.il. (See Section V.) Modifications to the
injector (S/N AAF11) and thrust chamber (S/N JP 42) used are discused
in detail in Section IV. Briefly, the injector incorporated a solid uickel
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spudplate with nickel swirlers in all oxidizer elements. Chamber modifi-
cations were similar to those used in the previous engine tests, the major
change being the use of 11-inch 10ong blocking inserts in the injector ends
of the long tubes. This change was incorporated to increase the chamber
cooling margin in the event of additional coolant slowdowns.

A minor modification to limit the thrust control bypass area was also
incorporated. The bypass piston travel was limited so that the maximum
bypass area would be 109, greater than required for 250-psia operation at
the maximum excess power point. As mentioned, it was predicted that
this bypass area would provide a chamber pressure of 230 psia at the starting
mixture ratio of 5.4.

3. TEST DISCUSSION

During test No. E-3, a coolant slowdown during the start transient was
again encountered. However, because of the changes in starting procedure,
the slowdown was entirely due to coolant exnansion caused by the rapid
increase in heat flux. With the slower acceleration rate created by the open
thrust control, a substantially larger amount of fuel entered the cooling
jacket prior to the automatic opening of the oxidizer flow control valve
and introduction of full oxidizer flow into the thrust chamber. Thus at
the time when the oxidizer valve opened, producing a step increase in heat
flux, the density of the coolant within the jacket was significantly higher
than on previous tests and the surge due to expansion was much greater
than those previously experienced.

Figure 87 shows the behavior of the important engine parameters
during the start transient. The correspondence of the opening of the
oxidizer control valve and the reductior: in measured fuel flow are quite
obvious. Following a slight overacceleration at 2.7 seconds, the engine
stabilized at approximatelv 225 psia chamber pressure for nearly 0.6 second.
It was established, based upon analysis of test data, that some chamber
damage had definitely occurred by 3.5 seconds. However, due to the
transient behavior of the fuel flow before this time, it was impossible to
determine exactly when the damage started to occur. With fuel leakage
through damaged chamber tubes, turbine power decreased and the engine
stabilized at a chamber pressure of 180 psia for the remainder of the test.
When attempts to increase the chamber pressure failed, the test was ter-
minated by the engineer in charge.

Post-test inspection revealed that about 259, of the tubes had developed
leaks in the chamber region. Most of the damaged tubes appeared to have
pressure type ruptures typical of overheating, although a few tubes showed
indications of injector flow impingement. All other romponents were in
excellent condition.
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One significant difference in this test compared to previous engine
firings was the almost immediate start of turbopump rotation. In tests
Nos. E-1 and E-2 there was a period of approximately 1 second between
the opening of the propellant valves and the start of turbopump rotation.
In test No. E-8 rotation began at approximately 0.25 seconds after start. (See
figure 86.) The 0.25-second time to turbopump rotation was a more repre-
sentative value for the RL10 engine; the greater delay in the first two tests
was traced to insufficient clearance between the oxidizer spur gear
hub and the gearbox housing of pump, S/N C71Y002. The low clearance
caused binding when a rearward shaft loading was applied, and was evi-
denced by galling of the housing surface. The binding was not revealed
by static torque checks, which are made with essentially no axial load.
However, the pressure resulting from the initiation of oxidizer flow pro-
vided sufficient loading to cause rubbing. Standard inspection and com-
ponent tests at engine disassembly after test No. E-2 did not reveal the
galling; it was detected only when a complete oxidizer pump teardown was
made to inspect the seal area. (See Section V.)

D. ENGINE BUILD NO. 4
1. BUILD SUMMARY

The engine feasibility demonstration was completed with six firing
tests conducted on engine build No. 4. Although extended periods of
steady-state operation at the design chamber pressure of 250 psia were not
achieved, the problems which prevented the attainment of this goal during
this last test series were relatively minor. A mismatching of components
created by a change in the turbine flow area during the first test of the series
(test No. E-4) was the primary cause. Unfortunately, this was the last test
series and the remaining scope of program effort was not adequate to permit
disassembly of the engine for reoperation of the turbine and a subsequent
reassembly. Various sequencing and propellant flow orifice changes were
made to overcome the mismatch and these allowed a significant amount of
engine data to be obtained.

The total firing duration accumulated in the six tests of build No. 4
was 120.2 seconds; approximately 65 seconds were accumulated at chamber
pressures over 200 psia (17 seconds over 225 psia) . With the exception of
the change in the turbine flow area and some relatively minor damage
sustained by the thrust chamber, all other engine components were in ex-
cellent condition at the conclusion of the test program. These results pro-
duced a high degree of confidence that satisfactory operation at the 250 psia
chamber pressure design point could be achieved with further minor modi-
fications to the existing components.

2. TEST HARDWARE

Build No. 4 was assembled using the same components employed in

159



build No. 3, with the exception of the thrust chamber and oxidizer control
valve. Moditications were made to the thrust chamber and a substitute
oxidizer control valve was incorporated to reduce the coolant surge en-
countered during the starting transients of previous tests.

The thrust chamber, S/N JP 88, was previously used in e¢ngine build
No. 2. It was repaired, and two additional modifications were incorporated
to increase the cooling margin in the chamber area and to reduce the
contained volume in the tubes. These were: (1) installation of internal
tube fins in the combustion chamber area, and (2) the insertion of filler
rods in all nozzle tubes. Specific details are given in Section IV.

As previously mentioned, signs of possible injector impingement were
noted on the thrust chamber walls after test No. E-3. To minimize any
effects of oxidizer stream misdirection, twenty-five 0.010-in. diameter fuel
holes were drilled near the outer circumference of the injector face in the
suspect areas. in addition, all fuel annuli in the outer rows were electro-
discharge-machined to increase the gaps in their outer semicircles from 0.015
to 0.020 in.

The satisfactory operation of all components during the initial part
of test No. E-3 provided a representative base for predicting the effect of
control variations on the engine starting transient. Data from that test
verified that it was imperative to minimize the coolant surge resulting from
rapid expansion of the methane contained in the chamber tubes at the
initiation of rapid heat flux increase. Methods suggested to accomplish
this were: (1) supply more heat to the coolant early in the acceleration
period, and (2) reduce the rate of chamber pressure (heat flux) increase.

It was determined that both of these results could best be achieved with
a scheduled gradual opening of the oxidizer control valve, rather than by
delaying poppet action in the standard RLI10 valve configuration. An
oxidizer control valve previously modified for scheduled opening and used
on a fluorine/hydrogen modified RL10A-3-3 engine (as discussed in Section
VI) was available for use on build No. 4. This valve was designed to begin
opening almost simultaneously with the opening of the oxidizer shutoff
valve, providing an immediate source of heat. The valve ports were con-
figured to provide a linear increase in oxidizer flowrate with pump discharge
pressure rise. It was recognized that a high oxidizer pump discharge pressure
would be required to seat the poppet if the existing spring were retained.
However, cycle analysis indicated that sufficient pressure would be available
to seat the valve at mixture ratios above approximately 4.5, and because a
high spring rate was desirable to slow the chamber pressure starting ramp,
it was decided to retain the existing spring. Based on extrapolations of data
from test No. E-3, it was estimated that this valve characteristic would
provide an almost linear increase in chamber pressure with time.
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3. TEST DISCUSSION
a. Test No. E4

With one exception, the starting sequence for this test was identical to
that of test No. E-3, i.e,, open thrust control to be manually actuated when
the engine stabilized after the sta.t transient. The change consisted cf
delaying the opening of the oxidizer inlet valve by 0.200 sec to obtain the
fuel lead required to establish coolant flow into the jacket before the start
of oxidizer flow through the scheduled control vaive.

Engine behavior during the start transient is illustrated by the plot of
important operating parameters presented in figure 88. The scheduled
oxidizer control valve produced a relatively gradual rise in chamber pressure
during the initial phase of the start, but the turbopump acceleration rate
was greater than predicted and the chamber pressure increase became ex-
ponential rather than linear later in the transient. Some of the increased
acceleration rate was attributed to the higher turbine inlet temperature
maintained throughout the start transient as compared with test No. E-3.
Turbine temperature histories for the two starts are compared in figure 89.
The high temperature in test No. E-4 was the result of the increased residual
heat provided by the greater mass of the cooling jacket {due to the filler
inserts) and also by the scheduled oxid.zer control valve which provided a
higher oxidizer flow throughout the starting period. A fuel slowdown was
noted at the point of maximum chamber pressure increase, but its magni-
tude was minor compared to that encountered in test No. E-3. This verified
that a small jacket volume and an extended chamber pressure ramp were
desirable to prevent chamber damage during the starting period.

The engine stabilized at the design chamber pressure of 250 psia for
1.5 seconds at a mixture ratio of 3.6, after which the turbopump slowly
decelerated. The reduced speed resulted in an oxidizer pump discharge
pressure too low to keep the spring-loaded oxidizer control valve in its full
open position. (As discussed previously, it was predicted that the oxidizer
control valve would not seat if the engine operated at a mixture ratio below
4.5.) As the valve closed from the full open position it created a higher
flow restriction and, therefore, reduction in mixture ratio which further
reduced speed. When the thrust control was activated at 5.5 seconds there
was a temporary increase in rpm, but it was not sufficient to seat the oxidizer
control valve and the system continued to decelerate. The test was manually
terminated at 13.8 seconds.

There was no visible hardware damage following the test.
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b. Test No. E-5

Preliminary control room analysis of the data from test No. E-4 indi-
cated that the mixture ratio was lower than predicted because of delays
in achieving complete opening of the oxidizer flow control valve. It was
felt that if the thrust control bypass were sequenced closed at the correct
time, turbopump speed could be maintained long enough for the oxidizer
control valve to open fully, thereby permitting the engine to sustain opera-
tion at the desired chamber pressure. Therefore, prior to test No. E-5,
three changes were made to ensure that the oxidizer control valve would
be open before the turbopump experienced any significant speed reduction.
The changes were: (1) the thrust control was sequenced into the system
at the point of peak rpm, (2) the oxidizer control valve reference pressure
cavity was connected to the altitude simulation system to decrease the back
pressure, and (3) the oxidizer control valve setting was changed to increase
the starting mixture ratio.

Start transient data for test No. E-5 are presented in figure 90. As was
expected, no appreciable change in the initial part of-the start transient was
produced by the above mentioned changes. A comparison of figures 88

168




and 90 shows that the amount of turbopump deceleration following the
initial starting overshoot was decreased, and the engine sustained the 250
psia chamber pressure level for a longer duration than in the previous test.
The mixture ratio was still low and as the turbine inlet temperature
approached its equilibrium value, the pump speed again decreased to a
value too low to keep the oxidizer valve seated. As this occurred the chamber
pressure decayed gradually and the test was manually terminated after 24.3
seconds.

No visual chamber or injector damage was found after this test; however,
a detailed analysis of the data from this firing in combination with that
from test No. E-4 indicated that the turbine flow area was greater than
intended. For the reasons mentioned above, it was not possible to remove
the engine from the test facility for inspection of the turbine, so it was
necessary to proceed on the assumption that the turbine area had changed
without establishing the mode of the failure. Ultimately, post-test inspection
revealed that the change resulted from failure of welds made at the stator
vane trailing edges where the vanes were deformed to reduce area.
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c¢. Tes* No. E-6

Because available funds did not permit removal of the engine from
the test stand for turbine inspection, much less repair, it was necessary to
devise another means of balancing the cycle to increase the mixture ratio
and the turbopump speed. The method chosen was to increase the flow
resistance in the fuel system. The most readily available way to accomplish
this was to decrease the size of the fuel pump discharge orifice. In addition
to providing a higher steady-state mixture ratio balance, a high flow
restriction at this point has a stabilizing influence which was expected to
reduce coolant slowdown.

Test No. E-6 was started with the same sequence used for the preceding
test. The higher restriction at the fuel pump discharge resulted in a sig-
nificant reduction in the turbopump acceleration rate, and, as shown in
figure 91, the thrust control was sequenced into the system before the point
of peak rpm was reached. When the thrust control was sequenced into the
system, it sensed the low chamber pressure and closed the turbine bypass.
The closed bypass coupled with the higher turbine inlet temperature
(corapared to tests No. E-1 and E-2, which were also started with an active
thrust control) produced a speed overshoot before the thrust control could
react. The resulting high fuel pump pressure caused a rupture of the
first-stage fuel pump housing. At the time of rupture the 1st-stage discharge
pressure was 900 psia, or above the 850 psia limit estimated from the calcu-
lated housing stress and the 0.29, yield strength of housing material at
200°R. Cycle power was reduced because of the housing failure and the
test was automatically terminated at 4.0 seconds by a low chamber pressure
stand safety system. Post-test inspection revealed a single crack emanating
from the vicinity of the cutwater and extending in a circumferential direc-
tion approximately 180 degrees around the housing.

Some minor leaks in the chamber tubes, attributed to the reduction
in coolant flow which occurred when the fuel pump ruptured, were detected
after the test. These leaks were not visible and could only be located during
pressure checks of the chamber. The pressure decay rate during these
checks was very low, and calculations indicated that only about 19, of the
fuel would bypass the turbine. This was not considered to be significant
enough to affect engine operation, and testing was resumed after the fuel
pump housing was replaced.
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d. Test No. E-7

Analysis of the data from test No. E-6 showed that the reduced accelera-
tion rate resulting from the greater fuel pump discharge restriction delayed
the occurrence of peak rpm by approximately 0.7 second. For test No. E-7
the activation time of the thrust control was adjusted to compensate. This
reduced the amount of overshoot and eliminated the high fuel pump dis-
charge pressure experienced on the previous test. As shown in figure 92, the
engine stabilized at a chamber pressure of 235 psia, r—4.3, for approximately
5 seconds. This low mixture ratio again caused a decrease in rpm as turbine
inlet temperature decreased. The chamber pressure slowly decreased to
approximately 200 psia and stabilized at that point. The test was terminated
after 61.5 seconds.

Post-test inspection of the engine revealed that the chamber tube
leakage had increased to a point where approximately 15Y, of the fuel was
being injected through the damaged areas. Most of the damage was in the
form of pinhole leaks just upstream of the throat at a point near the end
of the chamber fins. A few additional pinhole leaks were noted in the
chamber region approximately 2 to 6 in. from the injector. The amount of
leakage represented a flow area of less than 0.1 in?

Because the thrust chamber leakage represented an area approximately
equal to the thrust control bypass area, calculations indicated that the cycle
would still have adequate power, and testing was continued.

168

bty nno pan e




—————— SRR TS

99689 44 £-F "ON 152f awrdusg i1of justsuvsy Justivg g6 smdry

J3¢ - FHIL
. . N ¢ v

EE TP AR _:H
T T o = v L]
T --—— - . K
T T e e e e e e e . e —— e T — e ” S ™ R L A :

@answ 411 aR2eyre)q
wer 3 132ym1xg

e e \aW G 4]Q F
FUIRUILIAY ATIERUE

LT LY

——e

2aniry, pRIvATIOY
e TOIU) TenayL

1

o001 t

' Lt

, ' LR 4 ] ~
' .




R TR R s e o

e. Test No. E-8

To compensate for thrust chamber tube leakage the thrust control was
maintained closed throughout the acceleration transient of test No. E-8.
Also, in order to increase the mixture ratio with the reduced power available,
it was necessary to reduce the flow resistance in the oxidizer system. This
was accomplished by installing a bypass line around the oxidizer control
valve; the line was sized to pass approximately 259, of the oxidizer flow.

During the starting transient the thrust control lead-lag system reacted
to limit overshoot and opened the turbine bypass. When this occurred, the
oxidizer control valve became unseated, producing an additional reduction
in chamber pressure. The thrust control then reacted to increase the
chamber pressure and the oxidizer control valve reseated. As shown in
figure 93, the couple set up between these two valves resulted in a 1 Hz
cycling of the engine between 200 and 250 psia chamber pressure. Experi-
ence in previous tests with this engine had shown that the cycle could not
ordinarily : _cover after the oxidizer control valve became unseated, but in
this instance the oxidizer bypass provided the extra power required for
reacceleration. The upset to the system produced by the cycling resulted in
an average mixture ratio above 6, with a corresponding turbine inlet tem-
perature slightly above 1000°R. The test was automatically terminated at 5.0
seconds by the high turbine temperature abort system. No additional
hardware deterioration was noted after the test.
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f. Test No.E-9

At the completion of test No. E-8, the planned program effort was
essentially complete and the supplies o prepared propellants were nearly
exhausted, but it was decided to attempt one final test to obtain as much
data as possible with the hardware.

In order to avoid control instability, test No. E-9 was made with the
thrust control reference bellows vented so that the turbine bypass would
remain closed throughout the test. No overspeed problem was anticipated
because of the power reduction caused by leakage through the damaged
thrust char ¢ tubes. The opening of the oxidizer inlet control valve was
delayed a: . - uitional 0.2 second (total 0.4 second) to ensure that coolant
flow through the damaged tubes was stabilized before oxidizer flow was
initiated.

Figure 94 shows that the engine stabilized at a chamber pressure of
approximately 230 psia, r=>5.3, for approximately 3 seconds. At that time
(5 seconds into the test), the oxidizer pump head rise dropped and the
chamber pressure immediately decreased to approximately 200 psia without
a decrease in pump rpm, indicating ingestion of pressurant gas from the
nearly empty oxidizer tank. The chamber pressure remained at the 200
psia level and at 11.6 seconds the test was terminated by the engineer in
charge.
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APPENDIX F
NOMENCLATURE

Description
Thrust coefficient at P,=0

Theoretical stream thrust coefficient (pre-
dicted aerodynamic efticiency accounting for
friction and divergence losses)

Characteristic exhaust velocity
Thrust at P,=—0

Film coefficient
Specific impulse at P,—0

Pump net positive suction hcad

Ambient pressure

Chamber pressure

Mixture ratio (oxidizer-to-fuel) by weight
Flowrate

Specific enthalpy rise

Nozzle exit-to-throat area ratio

Efficiency

Film coefficient calculated by Bartz closed form
Coolant

Experimental value

Based on thrust

Fuel

Oxidizer

Based on chamber pressure

Theoretical value

Units

fr/sec

1b,
Btu/in?sec-°R
1bssec

b,

ft

psia

psia

b, /sec
Btu/lb,,

%






